Integrated Approach Towardsthe Application of Horizontal Wellsto Improve Water flooding

Performance
FINAL REPORT
Submitted by

Mohan Kelkar
Department of Petroleum Engineering

ChrisLiner
Dennis Kerr

Department of Geosciences

The Universty of Tulsa
Tulsa, Oklahoma 74104

Reporting Period: January 1, 1993 — August 31, 1999
Work Performed Under Contract No. DE-FC22-93BC14951

Prepared for
U.S. Department of Energy
Assgant Secretary for Fossl Energy

Contracting Officer's Representative
Mr. Danidl Ferguson
U.S. Department of Energy
Nationa Petroleum Technology Officel DOE
Post Office Box 3628
Tulsa, Oklahoma 74101



TABLE OF CONTENTS

TABLE OF CONTENTS.....cottttetreeteeeesssesssesssesssesssesssesssesssess st sttt ettt ettt esb bbb esssesssessssssns i
LIST OF ILLUSTRATIONS. ...ttt sttt sttt b sttt st s e ne et st eas iv
LIST OF TABLES ...ttt E £ E £ et e e b e ne et b et ne s b e e Xi
DISCLAIMER ...ttt 1 £ £ 481 E £ £ e £ £ £ A £ e £ £ £ A e £ e £ £ e e eE b £ e et s s et neee e e ne e et e Xii
ACKNOWLEDGMENT ...ttt ettt Xiii
AABSTRACT ...ttt ettt b s es s 8 88888 E 88 Xiv
EXECUTIVE SUMMARY. ..ottt sesesie st ssesessse s st s e st se b st se b b se e s s se s s b b se st b et e s e e b esneeanbebans XVi
INTRODUCGTION ....oiiiiieeiretueuessesesseessesessessesesssessesessesessessssssssessssssssestsssesssssasssssesssssesssstsssessssssssessssssssessssesssesessssssessssessesess 1
BACK GROUND......cvuuueteasesseesesssessesssesssesssesssess s s sessse s st sssess e sssesssessse 8822188218888 888 E e 2
BUDGET PERIOD | ...ttt sttt sttt sttt £ttt ettt ne et 10
INTRODUGCTION ...ciititeisireesesesesteseeseseeesesessssessssesesssessssesssessessssssssssesssesesensssssensasssessssssssesenssssesensssesesesssnsessssssesssessnsesen 10
I I U OO 10

CEOLOGICAL FACIESARCHITECTURE

Facies and SUbfacieS EIEMENtS.........cocenrninensnes s
Discrete Genetic Interval (Parasequence) Elements.........ccoocvvevevverccinnnen,
Systems Tracts and Sequence Stratigraphic Elements.........ccooveeeevercecennnen.
Petrophysical Properties and Architectural Elements
Structure Southeast Side of Glenn Pool Field

GEOPHYSICAL ANALYSIS..............

Introduction...........
Data Processing
Interpretation and Integration

CroSSWEll SEISMIC TESL......cieiecriireccee et st

Tomograms and I nterpretation

Anisotropic Ray Tracing............

GEOSTATISTICAL MODELING

Multiple-Attributes Smulation



FLOW SIMULATION..........

Deterministic Model
Stochastic Model without Tomography INfOrmMatiON............cccvvrerrecersse e 86
Stochastic Model with Tomography INfOrMatioN ... 99
RESENVOI T MANAGEITIENT ........cveerieeresee ettt es bbb s s 111
IMPLEMENTATION OF RESERVOIR MANAGEMENT PLAN ..ottt sessesesessssesssessessessssssnnens 130
RECOMMENUALIONS.......oeieeieeeireeie ettt b bbb st e Rt bbbt et ee et e bt nnbes 130
Field Implementation - Problems and SOIULIONS..........ccuincneesss st esssssesesenns 130
RESUIES.... ettt ettt s e bbb A bR bR bbbt 131
ECONOMIC EVAIUBLION......coeieieirierci ettt e b bbb e bbbt 132
EVALUATION OF VARIOUS TECHNOLOGIES.........ccostirreeteiierisieesesisiseseses e s s ssssssesesessesssesessesessssssenes 133
) =70 = UL Y ] o] 0= o o TP 133
Cross Borehol€ TOMOGEAPNY .....c.ciueeiirerireierreseieeesses st e 133
Formation Micro-Resistivity Borehole IMaging........cocueeurerrrnernenernecnieneeessiessisessssese e ssessssessesesseseens 134
Discrete Genetic Interval (DGI) EVAIUBLTON..........cvereerieerereeeneesseiesssse e ssessssessssessesenns 134
GBOSIALISHICS.. .. eueuveteeseieeeereseasiee st bbb bbb et e e s b e st b £ s b e £ e b b e b et b bbb ettt 135
FLOW SIMULALTON. ..ottt s bbb e bbbt 135
BUDGET PERIOD Il....cuitiintintintieeseieesseseissssstssssssssssssessessssssssssssssssssssssssssssessesssssssssssssssssssassassassessessessesssssssssasssssassassesens 137
INTRODUGCTION ...ciititiierieteitses e setsesee et esse ettt s s se st sessese e se st et se s s e s e st sesEeb e st e se ek eaese e b eRe Rt e neeRe e neesebe e senbeneneasnaeneneas 137
DATA COLLECTION ..ottt ettt eas st bs bbbt bbb bbb bbb b e bebe b s basabebebesabebebebabebebesabebesesnsesesans 137
GEOLOGICAL ANALYSIS.... o cceerertesiererteesesessssesssassesssessesesssessesssessssssensssssessnsssssesssssessssssssesenssssesenssessessnsssnsessessens 143
ENGINEERING EVALUATION. ...t itiierteteireseseesestesesesesessesesessessessssssssessssssensssssessssssssssssessesesensssesensssssessnssessesssssessses 153
[0 1 Tox o] o OOV 153
Screening Test for High POENTIAI AFEaS........c.cvuveeeeiriierieiiirisessisese s ssss s ss s ss s sssssssssssssssssssssssssenes 154
Evaluation of Production INfOrMELTON ...........crririeeinesereeseseisesse st ses s sess et 158
Chevron’s Micellar-Polymer UNIt ..ot s ssse st sss st saens 163
TrACE O EVAIUALTON....ceoeieiieietreet ettt bbbttt 169
TEACE 7 EVAIUALTON....eiecieeset ettt bbbttt 185
FIELD IMPLEMENTATION .. oot ieietectete ittt seeeste st stesaesesteseesesae e stesessestesssbessesessesessessesestessssesseseasenseseatenssssnsesessensssenes 198
TECHNOLOGY TRANSFER ACTIVITIES ...ttt essssessssessssesssssssssssssssssssssssssssssssssssssssssssssssssesnns 204
PUBLICATIONS AND PRESENTATIONS......c.cctiteitrireeienesesieseesestesesessssssesesessesssessssssssessesessssssssensssssesensssssessssssesases 204
TECHNOLOGY TRANSFER WORKSHOPS........ccciiiiririeierisieiesesesisiese st sss e ses e et se st s e e sessessnsssssssssessnns 207
INEWSLETTERS......octitrteteitsisiee sttt sttt st e ke ae e £ b e s s A b e e b b et re b b et s b e ket s e b e be et et e be e e banin 208
REFERENCES .......ooittieietrtineistintieese s sttt sttt sss sttt 209



LIST OF ILLUSTRATIONS

Figure 1 — Location of GIENN POOI fIEl..........coiirercecrireccs sttt sesssssesssssesnsens

Figure 2 — Stratigraphic location of Bartlesville SANASLONE...........c.cvveeireirecrneeneesee s

Figure 3 —Marker bedsfor Glenn POOI fIEld..........cvrrenerccc s

Figure 4 — SElf-UNIt TOCBHION........c.cviieeireciieteeet et e

FIQUrE 5 — WL IOCALIONS ......cvieeeeirieee sttt sttt sttt ettt sttt b et s et s s e s

Figure 6 — Production hiStory Of SEIf-UNIt ..ot neas

Figure 7 - Self-82 log with stratigraphic units and core oil-staining observations............cccoccevveveeneneccesnenns

Figure 8 — Self-82 core description of DGI F braided channel-fill facies.........ccovvovevveeceivsccsssesesesesesnenns

Figure 9 — Self-82 core description of DGI C meandering channel-fill faCies .......cvvveeveivvecsnressesereeeenenns

Figure 10 - Microresistivity borehole image for meandering channel-fill facies of DGI C.........coocovveeneecrneeennee.

Figure 11 — Self-82 core description of DGI D Splay faCIES.........covveieeeiieeireree s

Figure 12 — Cross-section through Self-82 well showing discrete genetic intervals and facies ...

Figure 13 — Permeability vs. porosity from core plug measurementsin Self-82..........cccvvvvvvnvvcscsesssnens

Figure 14 - Vertical permeability vs. horizontal permeability from core plug measurementsin Self-82.............

Figure 15 — Map and shooting schedule for crosswell seismic data acquiSition.........c.ccovveccrvereesenecceenenns

Figure 16 — Photo of source and SOMe CharaCteriStiCS ... sesesssssessss s ssssesssssssssssesessens

Figure 17 — Photo of receiver and SOme CharaCteriStiCS......cuvuirrneneresesie st esesesssssesesssssssnens

Figure 18 — Details of shooting geometry fOr the tESE SUIVEY ..o s

Figure 19 — Comparison of 63-82 tomograms processed by Memorial Univerity and software from the

U.S. BUIEAL OF IMIINES......couiiictiececee ettt sttt se e s s a s b e bbb e nas

Figure 20 — Comparison of MUN and AMOCO tOMOGIraMS ........cvuveeuirerereiesesesssesessssssssssssssssssssssssssssssssssssssssssssssssnes



Figure 21 — Comparison of MUN and The University of TUISAtOMOQIamS ...........ccccvvereerreneeennnenseiessessssessesssseses 50

Figure 22 — MUN tomogram and zoom of Glenn interval with interpreted sand body ..........ccccccovvevrcienereccsneneeenns 51
Figure 23 — Detailed stratigraphiC iNtErPretation.........cccceeeeeceiereeeresssesesessssse s sessessesessse s sssssssessssssssesnes 52
Figure 24 — The tomogram interpretation (left) compared to the geological model (right).......cccoveevevveneccrrenceennnes 52
Figure 25 - Schematic diagram of the co-Simulation tECANIQUE.............ciureirreerrieree e 55
Figure 26 - Conditional distribution procedure for POrOSITY..........ceeirreerreerreeree e eaes 57
Figure 27 - Example of the use of conditional distribution techniquein porosity Simulation ............ccoeevenerrencrnenas 58
Figure 28 - Conditional distribution technique for Permeability ... 59
Figure 29 - Geologist’sinterpretation of facies distribution inthe vicinity of track-7..........cccocevvvvecieveecccccecceen 62
Figure 30 - Multiplerealization of facies distribution of DGI A - traCk 7 UNit ..........cccvvevrernecessesce s 63
Figure 31 - Global PDF comparison between simulation and datafor al realizations...........cccccevvevvcerenecesereseennns 64

Figure 32 - Porosity and permeability distribution of DGI A for track 7 unit from one of the realization.
Permeability is sampled using random SAMPIING........ccceerrnneee s 65

Figure 33 - Computation time comparison for different grid block configurations and different number of

FEAlTZALTIONS.......eecveereeet ettt R s 66
Figure 34 —3-D view of DGI distribution of the SElf-Unit data. ..o 67
Figure 35— 3-D view of porosity distribution of the Self-unit data. ..........cccccceeevriccinreseeerece s 68
Figure 36 — 3-D view of permeability distribution of the Self-unit data. .........cccccoveeerreiecsscccr s 68
Figure 37 — Deterministic north-south and east-west Sand CroSS SECLION ......c.cvveceeirerereererese s seessseees 71
Figure 38 - Deterministic - sand thickneSSWEIl 43 @Nd 37 ..o sssesesssssesnes 72
Figure 39 — East west porosity cross section — deterministic MOGEL...........cocuieireeienrensereeee e 74
Figure 40 - Porosity cCOmpariSON @ SEIf-82..........ccvrrrrieiricirieniessieesieee e 75
Figure 41 — North-south permeability cross section — deterministic MOGEL............ccverernenenecneeeeereereaas 7

\Y



Figure 42 — Permeability comparison at Self-82 — deterministic MOCEL..........ccccviccnreeerree e 78

Figure 43 — Permeability thickness product (kh) comparison — deterministic model............cocccevvevcciereveccssereeenne 79
Figure 44 —Initial potential comparison — determiniStic MOAEL.........cvverrerecer s 81
Figure 45 — Field oil production rate (FOPR) — determiniStic MOEL..........couvreererireerireseseseses s eesesessssseenes 82
Figure 46 — Original il in place estimation — deterministic MOGEL...........occ e 83
Figure 47 — Simulated field water cut — deterministic MOGEL............coi e 84
Figure 48 — Oil saturation comparison at Self-82 — deterministic MOE ... 85
Figure 49a- DGI comparison at Well N0. 43 - DGI MOEL .........coveeiiiisiscsrssess st 87
Figure 49b - DGI comparison a Well N0. 37 - DGl MOUEL.........c.cviieiieirireceeece e ses 87
Figure 50 - Porosity comparison at Self-82 - DGl MOEL..........coveieeirriresescee s saes 88
Figure 51 - Permeability distribution — north-south cross section - DGl MOGE! .........cccoeeerveereervenceiesereeeeseeeeees 0
Figure 52 — Permeability comparison at Self-82 — stochastic MOUEL..........cvvveeevericeerrererress e seeeseees 91
Figure 53 — Permeability — thickness (kh) comparison — stochastic MOdel.............ccvrirncnncncncneeeeeeeas 92
Figure 54 — Initial potential comparison — StOChAStiC MOEL ..o A
Figure 55 — Field oil production rate comparison — StoChastic MOTE............ccverrerrennnnceeees e 95

Figure 56 — Original ail in place (FOIP) and cumulative oil production (FOPT) at 1946 comparison —

stochastic and deterministic MOUELS ..o e 9%
Figure 57 — Field water cut prediction for stochastic and deterministic MOElS.........ccovvvervecccrvencc e 97
Figure 58 — Qil saturation comparison at Self-82 — stochastic and deterministic models .........ccoovveeievereccnvereeennnes 98
Figure 58 - Porosity distribution at tomogram panels after applying the correlations...........ccccovvevervececvenecseennn, 101
Figure 59a— Horizontal porosity variogram of the tomogram data (DGI’SB and D).........covceveeeneeenrieenernencrsenerneens 103
Figure 59b — Horizontal porosity variogram of the tomogram data (DGI’SB and D).........cooeveeneeensreenersenersecnnenns 103



Figure 60 — Porosity compariSon af SEIf-82...........cccmvierecersisce et s et bns

Figure 61 — Permeability cOmMpariSon @t SElf-82.........cccecrreeeriecs sttt ssssssssesns

Figure 62 — Permeability — thickness (kh) product comparison —all MOdElS ........ccccevreccrverecceir s

Figure 63 - Comparison of field oil production rate (FORP) —all MOElS.........ccovvrerereerrerece v

Figure 64 — Comparison of original oil production rate (FOIP) and cumul ative production at 1946 for

(o L= £ 10 111010 (< F- 3

Figure 65 — Comparison of field water CUt — all MOTEIS ... s

Figure 66 — Comparison of oil saturation at Self-82 —all MOAELS .......cccvvveiirccr e

Figure 67 - Increase of oil production USING SCENAINO 1A ..o ae s sns

Figure 68 - Increase of 0il production USING SCENAMO 1B........c.covceieirereeeresee et sse s

Figure 69 - Increase of 0il production USING SCENAMO LC.......covireerereereresse s snseses

Figure 70 - Increase of 0il production USING SCENAINTO 1D .......covvveirirereeerereseeissesessessesessesesesesses e sesssessessssssssesssssesens

Figure 71 - Increase of 0il production USING SCENAINO LE ..o ssaens

Figure 72 — Comparison of additional oil production —all MOEIS ..........ccverrrernnner s

Figure 73 - Increase of 0il production USING SCENAITO 2A ... sesens

Figure 74 - Increase of 0il production USING SCENAIIO 2B..........ccciiiicisess st ss st sas s seaeens

Figure 75 - Increase of 0il production USING SCENAIO 2C........c.cvcceirerecerese et sse s sssesens

Figure 76 - Increase of oil production USING SCENAINO 2D .......ccvvccieirereereressissesess e sssse s sssssessssssssesans

Figure 77 - Increase of 0il production USING SCENAIO 2E..........covveierereereressissesssstessesessssssesessse s sssssssesssssssssssssssesens

Figure 78 — Increase of 0il production USING SCENAITO 3A ......ccvrerrererereresesesesesssssessesessssssessssssssesssssssssssssssssesssssesens

Figure 79 — Increase of 0il production USING SCENAITO 3B........c.cuv e

Figure 80 — Rate of return estimation for different case study stochastic model without tomography

LR1 T4 0 07= (0] o IO



Figure 81 — Pay out time estimation for different cases stochastic model without tomography

10T 27110 T

Figure 82 - Rate of return estimation for higher operating cost - DGl MOE .........cccoovrerevereseinnese s

Figure 83 - The effect of oil price - scenario 1D - DGl MOUEL..........ccerrrerrererrnese e esessessesssssesees

Figure 84 - ROR and pay out time comparison for different MOTElS.........cvevererrerneneeneeee s

Figure 85— Results Of field impPlEMENTELION ..o

Figure 86 — Index map showing the |ocations of Six Cross Sections CONSLIUCLEd ..........occeerrieenreeensrennereeerseersenens

Figure 87 - Area of CONCENIIALION..........cvueueiiireeer sttt sttt se st sa b b s ettt ea e bt es et e b e s et e b et et et et besnsnsesesens

Figure 88 - Expanded coverage of Core and 10g Aafal...........cccceuruieieieinineenenese st sssssessssssssesens

Figure 89 — Data availability within section 16 and SUrroUNdiNg @r€aS ..........ccceveeererrereeeseresesie s sessesssesens

Figure 90 — A sketch map showing the general stratal relationship from Self-unit to tract 7 (figure not

drawn to scale; thickness variation of each DGI iSNOt ShOWN).......cocevevivecerrerererese s

Figure 91 — Shale thickness between DGI D @nA E........coerinecinecee e ssssesssans

Figure 92 — Core oil saturation (%) profile (Chevron’s micellar-polymer Unit) .........ooocvenecneeeneenseenerseneseerseens

Figure 93 — DGl A mMap fOr the area 0f INLEIESE..........cc.reirier e

Figure 94 — Average net/gross ratio determined from 120 [O0S......ccovvrirerininerinnsesssssessssssesssssssssssssssssssssssssssseseens

Figure 95 — Potential index map for DGI C and cumulative index map for DGl A-E.......covveeeevvevccnesecseseseseenns

Figure 96 — Raw production data overlain with extrapolated data...........cccveververicenesecseresee s

Figure 97 —W/P and G/P ratios for tracts 1-18 and micellar-polymer UNit ...........coccevveeenvercsieinseseesese s

Figure 98 — Total oil (primary + secondary) recovered as % of OOIP (al tracts + Chevron’s micellar-

POIYIMEE UNIT) ...ttt b bbb

Figure 99 - (a) Completion practicesin the Chevron unit. (b) Completion practicesin section 16 and tract

Viii



Figure 100 — WOR and oil production response of the CheVION UNIt ...........cceveeeneneceseseee s eesessesns 166

Figure 101 — Sample porosity and permeability areal Profil€S ... 167

Figure 102 —WOR and field oil production plotsfor the Chevron Unit............ccceernernneneseinesese s 168

Figure 103 — Production analysis plot for tract 9 showing the primary gasinjection and water flooding

LSt 1S3 0 0 (= =2 o o 169

Figure 104 — Gammaray versus core porosity correlation developed from the data compiled from Self-82........... 171

Figure 105 — Composite diagram showing areal maps of porosity, permeability and thickness honoring

the faCiES i StITDULION ..o 173
Figure 106 — Areal reservoir pressure map that iStied t0 DGl EiN PSi...ccccceienicenisesesesesie s ssssesssesens 175
Figure 107 — Well base map of existing/proposed WellSfOr traCt 9........cccveveevceccseseeereseee e 176
Figure 108 — Qil production and water cut plot for scenario plug/recomplete all wells........cccevvevcerrecscserecseennn, 178
Figure 109- Proposed well base map with multilateral Well [0CaHONS........c.ocvcerverireenereerreseeee e seseeees 179
Figure 110 — Well locations of the existing/proposed wells along with a sample potential index map.................... 181
Figure 111 — Oil production and the water cut plot for anCillary SCENA0S..........covrreereeereernieeenseesereereee s 182
Figure 112 — ROR histogram with SensitiVity 0N Ol PriCe........ccouicneienee e 183
Figure 113 — Rate of return and net present value chartsfor ancillary SCENarioS........ccvvvvvesvseesneessseseseenenens 184
Lo 0T VY I 4= 1 = TP 185
Figure 115 — Shift in pdf to align gammaray probability distribution funCtions...........cccccevveeveivveccccnseceeeceeens 187
Figure 116 — Gammaray versus porosity relationShip ... ssssesssesens 188
Figure 117 — Histogram of perforationSiNtraCt 7. sessssssssessssss e sesssssssssssssssesssssesens 192
Figure 118 — Oil production and water cut plot for scenario With S;,” 1.2 ..., 193
Figure 119 — Oil production and water cut for scenario With S, L4 ... sesssessssessines 195



Figure 120 — Rate of return and net present value ChartSfor tract 7 .........covcevvccesescceesesee e esseesesns
Figure 121 - Proposed management plan fOr traCt O........ccccceriecciesesee sttt ssse s 199
Figure 122 - Profile Of @deVIiated NOIE.........ccceuiirecrscses sttt sen 200
Figure 123 - Direction Of adeViated NOIE..........ccvvcrrircrrerie sttt snsesen 201



LIST OF TABLES

Table 1 —Historical INformation 0N SEIf-UNIT ... e 14
Table 2 — Properties of tomography software used in thiS PrOJECL..........cvreiirierreeireieer e 41
Table 3 - Case definition used in fIOW SIMUIBLTON.........ccc e 82
Table 4 - Definition of sub-scenario used in future Production fOrECASE ... 113
Table 5 - Vertical separation condition, tract 7 and adjaCent @rea...........covvvevevvevenenisisesessseseseseseses s sesees 148
Table 6 - Comparison of core porosity and permeability between Self-unit and tract 7 area.........cccoocveeeeevececrnnne, 149
Table 7 - Oil INPIACE ESHIMELES.......ccoiceetreecetreee s s et ae e s b s st s s et et en s 162
Table 8 — Comparison of miceller-polymer versus conventional Waterflood............cvveeereeeenseseinsesseeeeseseeeens 168

Xi



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government.  Nether the United States Government nor any agency thereof, nor any of their
employees, makes any warrant, expressed or implied, or assumes any legd liability or respongbility for
the accuracy, completeness, or usefulness of any information, apparatus product, or process disclosed,
or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercia product, process, or service by trade name, trademark, manufacturer, or otherwise does
not necessarily condtitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

Xii



ACKNOWLEDGMENT

The research effort described in this report was supported by the U.S. Department of Energy under
Contract DE-FC22-93BC14951. Additional support is provided by Amoco Production Company and
Uplands Resources, Inc. The computer facilities were provided by the University of Tulsa

We would like to thank Dan Richmond from Uplands Resources, Inc. for his vauable contribution and
ingght to our work. We aso would like to acknowledge the guidance provided by Rich Chambers,
Henry Tan, John Eager and Chandra Rai from Amoco Production Co. Lastly, our specia thanks go to
Rhonda Lindsey and Dan Ferguson from the Department of Energy for their enthusasm and vauable
suggestions.

September, 1999
Mohan Kekar

Xiii



ABSTRACT

This find report describes the progress during the sx years of the project on “Integrated Approach
Towards the Application of Horizontad Wells to Improve Waterflooding Performance.” This project
was funded under the Department of Energy's Class | program which is targeted towards improving the
reservoir performance of mature oil fidds located in fluvia-dominated deltaic deposits. The project
involved an integrated gpproach to characterize the reservoir followed by drilling of horizonta injection

wells to improve production performance.

The project is divided into two budget periods. In the first budget period, many modern technologies
were used to develop a detailed reservoir management plan; wheress, in the second budget period,
conventional data was used to develop a reservoir management plan. The idea was to determine the

cogt effectiveness of various technologies in improving the performance of mature oil fields.

In the first budget period, we applied severd new technologies. These included integrated approach,
use of cross borehole tomography, detailed geologica analyss using micro-resistivity logs, facies biased
mapping of sands using a concept of discrete genetic intervas (DGI), geodtatigtics and flow smulation.
Out of these technologies, integrated gpproach, geologica description usng DGI’'s, geodtatitics and
flow smulation proved to be very effective. The other two technologies — cross borehole tomography
and micro-resgtivity logs — were not effective because of ether the cost and/or uncertainties in
goplication of these technologies.

The fidd implementation a the end of the firs budget period resulted in sgnificant increase in ail
production. More important, our predictions matched very well with the observed performance.

In the second budget period, we concentrated on using conventiond data to develop a detailed
reservoir description. We used the existing well core and log data as well as production data to
develop reservoir description. We continued to use technologies which were proven to be effective in

the first budget period —namely, use of DGI’ s to describe geology, geodtatistics and flow smulation.

Xiv



Based on the evaluation of conventiond data, we proposed drilling a deviated well using surface steered
drilling assembly. Unfortunady, due to problem during drilling, the well had to be abandoned. We,
therefore, never had the opportunity to test our reservoir management plan in the second budget period.
Based on the experience during the first budget period, we are confident that we would have been able
to improve the performance had the well been successful.

To compliment our technica effort, we aso conducted vigorous technology transfer activities. These
included publications and presentations a various technical meetings and journds, conducting
technology transfer workshops for smal operators and independents, and publishing two newdetters for
interested audience. These activities resulted in reaching a wide cross section of audience, and making

the operators aware about technologies that can help them in the future.



EXECUTIVE SUMMARY

This fina report discusses the various approaches used in atempting to improve the performance of
mature oil fidd. The results of the implementation and the lessons learned from the implementation are
aso induded in the report. The field sdected for the implementation is Glenn Pool ail field, which has
been producing for more than 90 years. Overdl, the technologies that proved to be effective include
integrated approach to describe reservoirs, geologica description usng Discrete Genetic Intervas
(DGI's), ranking of reservoir using productivity index mapping, geodtatistics and flow smulation. The
technologies which proved to be only margindly effective or ineffective include: use of micro-resdivity
logs for detailed geological description, cross borehole tomography and drilling of deviated hole usng

surface steered drilling assembly.

The first budget period of the project focused on the Sdf-unit, a 160-acre tract of Glenn Poal field
operated by Uplands Resources, Inc. The data available from the unit were wirdine logs and core
reports, and historical production records. Using log and core data, the reservoir was first divided into
seven DGI's, each composed of contiguous facies deposited during alimited, discrete increment of time.
Based on the preliminary geologicd evauation, a test well (Self-82) was drilled and cored. Additiona
log data including micro-resdivity log (Formation Microscanner Imaging) data were collected from the
same well. Using thiswell as a source well, three cross borehole tomography surveys were conducted
between Sdf-82 and the surrounding three wells. With the help of a modified geologica description as
well as geophysicad and engineering data, a detailed reservoir description was congtructed.  After
validating the description by comparing the smulated flow performance with the historical deta, severd
operating scenarios were smulated to optimize the flow performance under modified conditions. A
combination of recompletion and simulation of most wels followed by increasing the water injection
rate in the fidd was observed to be the most optima change to improve the flow performance of the
Sdf-unit.

The proposed reservoir management plan was implemented, and the unit performance was monitored
for over three years. At the base levd, the Sdlf-unit was producing between 15 to 17 bbls/day. The
initid increase in the incrementd oil production was predicted to be in the range of 18 to 21 bbls/day.



The actual increase was 21 bbls/day. After 3 years, the incremental increase was predicted to be about
10to 12 bblg/day. Currently, thefield is producing 10 incrementa bbls of oil per day over its base rate.
In short, we were able to correctly predict the performance of the reservoir. Although in terms of actua
production, this increase is not much, note that it still represents about 150% increase in the production
rate. Further, the fidd is more than 90 years old, and has been subjected to many technologies in the
past. If we can cost effectively increase production from such a mature field, we would be able to do
better in other, rdativey younger, fidds. The economic evauation indicated finding cogt of ail isin the
range of $4.50 to $6.00 per barrd. This cost can be reduced substantidly if we only use the cost-
effective technologies and eiminate the use of other technologies.

The effectiveness of technologies gpplied during the first budget period was criticaly examined. The use
of integrated gpproach in developing reservoir description was found to be very useful. By combining
various disciplines, we were better able to identify the uncertainties in reservoir description as well as
were better able to understand the importance of most relevant scales in describing the reservoirs. The
use of DGI's was hdpful in identifying the intervals where the remaining oil is most likely located.
Geogatigtics helped us in developing tools that were cgpable of integrating various types of data, and
quantifying uncertainties in the description. Flow simulation alowed us to evaduate various scenarios in
determining an gppropriate reservoir management plan. On the other hand, use of micro-resgtivity logs
did not add ggnificantly more information compared to the actud core. For shalow, margind reservoirs
like Glenn Pooal, the use of micro-resigtivity logs was not very effective. The cross borehole imaging
was expendve, and resulted in images that were dependent on the agorithm used to process the data
The cross borehole technology is rdatively new, and technical uncertainties in the evauation smply do

not dlow usto use the technology on aroutine basis in a cost-effective manner.

For the second budget period of the project, we expanded the scope to other parts of the Glenn Pool
fidd. Unlike the first budget period, we did not collect any new data during this period. Instead, we
concentrated on using the existing data to develop a detailed reservoir description. We evauated the
entire area operated by Uplands Resources for the second budget period. In addition, we aso
evauated an adjacent unit, which used to be operated by Chevron. The Chevron miceller-polymer unit



was successfully flooded in early 80's using micdler-polymer flood. We wanted to understand the

reasons for the success.

Since it was difficult to study al parts of the reservoir in greet details, we graded the reservoir based on
a method of potentid index mapping.  This mapping involves evauding various aress in the reservoir
based on the permeability, thickness, porosity, saturation as well as prior access to that area by aready
exiging wells. In addition to potentid index mapping, we aso examined the primary and secondary
recovery production from various units. Based on the grading of various parts of the reservoir, we

decided to concentrate on tracts 7 and 9.

We began our evaluation by studying the Chevron unit. Our evauation indicated that the success of the
Chevron unit could be partly attributed to re-completion of the upper intervasin the Glenn sand. Unlike
other operators, Chevron concentrated on the upper and middle Glenn sand, and implemented the
miceller-polymer flood in those sands. The increase in oil production as well as reduction in water cut
was subgtantid. We resmulated the Chevron unit assuming thet it is water flooded with same
completion as Chevron had used. The response indicated that Chevron would have achieved a
subgtantial increase in the oil production with reduction with water cut just by usng water flood.
Although not as impressive as the micdler-polymer flood, the smulation indicated to us that we could
use a Smilar gpproach in other parts of the field. We studied both tracts 7 and 9, and investigated

various scenarios for improving the performance of those units.

Based on our evauation, we decided to drill adeviated well in tract 9, which would be completed in the
upper and middle part of the Glenn sand. To achieve the drilling in a cost-effective manner, we
employed a relativdly new technology of surface steered drilling which is much chegper than
conventiond deviated hole drilling.  Unfortunately, drilling of deviated hole proved to be much more
chdlenging than anticipated. We logt the drilling assembly twice. During the second time, we could not
fishit, and the hole had to be abandoned. As aresult, our reservoir management plan during the second
budget period could not be vaidated. Because of budget condraints, another attempt at drilling the
deviated hole could not be made. Hopefully, private owners will take an initiative, and with favorable ail
price, drill deviated wellsin the samefidld to validate the concept.
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To compliment our technica effort, we vigoroudy pursued various technology transfer activities. These
activities resulted in 26 publications and 10 presentations.  In addition, four technology transfer
workshops were conducted for the benefit of small operators and independents. These workshop
locations included Tulsa, Houston, Denver and Ft. Worth.  We aso published two newdetters and sent
them to over 300 interested parties.

To summarize, dthough the project ended with afailure of deviated well, we accomplished a great ded.
We demondrated that even a ninety-year old fidd could be rguvenated usng cost effective
technologies. We evduated various technologies and determined their cost-effectiveness.  We were
able to transfer many aspects of the technology to smal operators and independents.
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INTRODUCTION

The overdl report is divided into four sections. In the first section, we provide the background of the
field that was the subject of investigation. The project was divided into two budget periods. In the
second section, we describe the activities during the first budget period. The first budget period
involved usng modern technology to describe the reservoir in part of the fied followed by implementing
an agppropriate reservoir management plan to improve the performance. In the third section, we
describe the activities during the second budget period. The second budget period involved using
conventiona technology to develop a reservoir description followed by implementing an appropriate
reservoir management plan to improve the performance. Comparing the two periods, we were
successful in improving the performance of the fidd during the first budget period. In contrast, due to
problems in drilling the horizonta well, we were unable to validate our gpproach during the second
budget period. In the last section of the report, we summarize some of the technology transfer activities
carried out as part of the project.



BACKGROUND

The DOE Class | Program is targeted towards improvement of production performance of existing
meature oil fields located in fluvid-dominated detaic sandstone reservoirs. This project was sdected
under the near-term program which required that existing new technologies be gpplied in these fidds to
prevent any premature abandonment of these mature fidds. The Glenn Pool fidld sdected for this
project fits the desired characteristics under this program.

The Glenn Pool field is located in portions of Tulsa and Creek Counties of Oklahoma. The field was
discovered in 1905, and it is estimated as having produced 330 MM barrels of oil from the Middle
Pennsylvanian (Desmoinesian) age Bartlesville sasndstone. Glenn Poal field, like other fields deve oped
in the Bartlesville sandstone, is located on the northeastern Oklahoma platform, a paleotopographic and
gructurd depresson of mid-Mississppian-Pennsylvanian age lying between the Ozark uplift to the esst,
the Nemaha ridge on the west and the Arkoma basin to the south (see Figure 1). The figure dso
shows the area of study for this project. The Sdf-unit indicated in the figure was the subject of first
budget period investigation, whereas the gray area surrounding the Self-unit was the subject of the
second budget period.
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Figure 1 — Location of Glenn Poal field




The field encompasses 27,440-acres. Initid production from the wells ranged from 75-500 BOPD to
4,000 BOPD. After discovery in 1905, the field reached peak production in 1907. The first well in the
field was drilled in fall of 1905. The well was located on the Ida Glenn farm near the center of the SE/4
of section 10, T17N, R12E, in Tulsa County (see Figure 1). The well was 1,458-ft deep and produced
a a flowing rate of 75 BOPD. The producing interva was cdled "Glenn sandstone’ and in the
subsequent years became the target pay zone. The average producing span was estimated to be close
to 240-ft and was the most productive compared to the other nearby fields.

Initia wells were drilled by cable tools. Surface casing of 8-5/8 inch size was sat a 275-ft and open
hole drilling was carried out to the top of Bartlesville reservoir. The hole size was reduced to 6 inches
through the pay zone interval. The producing interva was shot with 250-300 quarts of nitroglycerine,
casing et to the top of the sandstone, and the shot hole cleaned out. By 1906, well drilling averaged a
the rate of 3 wells per day. In this process, orderly spacing of the wells was neglected. Subsequently,
the completion was on a ten-acre pattern. Earthen lakes were used for storage on many leases, and oil
was shipped to the Texas Gulf Coast by railroad. In 1908, 100 companies were operating in the field.
By 1912, severd BCF of naturd gasis estimated to have been flared, vented or used as fue for lighting
field operations. The fidd limits had been defined by 1920. A pipdine through Coffeyville, Kansas
connected the field to the Chicago and Grest Lakes markets. By 1926, 22 refineries served the area.

With depletion of production, gas injection was introduced in 1940, and gas collected at producing
wells was recycled to injection wels. Water flooding operations began in 1944. Cumulative oil
production records prior to field-wide water flooding are incomplete. By 1943, it was estimated that the
production throughout the field was between 222 and 236 MMBO. Over 100 MMBO had been
produced up to 1990 by secondary gas repressuring, water flooding, and tertiary recovery methods
bringing totd production to 330 MMBO. The fidd is being depleted at present. Severd large
production units are under water flood, and a few units have undergone testing and implementation of
micdlar-polymer enhanced recovery methods. Results have shown the posshility for sgnificant

additiond volumes of recoverable ail.



The Glenn sand has been conventiondly divided into 3 units: upper, middle and lower Glemn." Eachis
separated by gpparent permesbility barriers consisting of interbedded sltstones and shdes. In the
central portion of the Glenn Pool fied the Glenn sand is present at a depth of approximately 1,500 feet,
and the thickness varies from 100 to 185-feet. The upper and middle Glenn are the producing intervals
in the centrd portion of the field and the lower Glenn is below the oil-water contact.

Qil from the Glenn sand has agravity of 35.8 to 41.3". It contains 3.12 to 11.46% paraffin and a sulfur
content of 0.3%. Initid reservoir pressure has been estimated in the range of 600 to 700 ps. Current

water flooding injection pressure ranges from 100 to 1,100 psi.1

From regiond dudies, the Bartlesville sandstone is regarded as having been deposited by a fluvia-
dominated delta s/stem.2 In the Glenn Pool fidd area, the Glenn sand is predominantly the deposits of

delta plain depogtiona environments. The lower Glenn sandstones are subangular to subrounded,

moderately sorted, sty fine- to medium-grained sandstone, with abundant sand-size rock fragments,

and thin beds of shdle and siltstone’ The lower non-porous bresk congists of interbedded, laminated
dlty sandstone and shde with localized thin beds of shde, sderitic clay pebbles and with intervals of

carbonate-cemented sandstone.” The middle Glenn is subangular to subrounded and well-sorted fine-
to very-fine-grained sndsone.” It is primarily massvely bedded, with portions containing medium-
scale crossheddi ng.l The middle Glenn forms the mgjor part of the reservair.

The upper non-porous bresk consgts of thin gty shale or interbedded laminated, sity sandstone and

slty sde’ Itisan effective permesbility barrier but limited lateral extent may result in localized contacts
between the upper and middle Glenn. The upper Glenn is in pat massvely bedded and in part
medium-scale crossbedded. It is angular to subangular, moderately sorted very fine- to medium-

grained sandstonal and contains abundant carbonaceous fragments and a few sand-sized rock
fragments. The upper portion of the upper Glenn contains poorly sorted very fine- to medium-grained

sandstones with sty interlaminations, sparse carbonate or slica cement, and visible porosity.

Tectonism associated with the Ouachita collisona event caused the platform to tilt southward into the
subsiding Arkoma fordand basin of southeastern Oklahoma** Regiond uplift during the Jurassic and
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Cretaceous resulted in a gentle, westward dipping monocline with localy developed low-relief
cosures™®  Glenn Poal field structure contour data a the top of the Bartlesville (Glenn) sandstone
show a broad feature, open to the northwest, with about 200-ft (61 m) of relief.* The productive limits
of Glenn Poal fidd only generdly coincide with this festure. Within the fidd, sructurd reief is variable
(50-75-t, 15-23 m) as aresult of Bartlesville (Glenn) sandstone thickness variaions and gratigraphic
termination aong the eestern margin of the field.

Stratigraphically, the Bartlesville sandstone and its outcrop equivaent, the Blugacket sandstone, are
members of the Boggy formation, which is included within the Krebs group of the Desmoinesian series
(Figure 2). The Batlesvilleis underlain by the Savanna formation (Krebs group) and is overlain by the
Inola limestone and, locdly, by the Red Fork member (zone). Black shales within the Inola limestone, a
member of the Boggy, and Brown limestone, a member of the Savanna, are used as marker beds for
detailed Stratigraphic correation (Figure 3). Within Glenn Poadl fidd, the Bartlesville (Glenn) has been
traditiondly divided into upper, middie, and lower Glenn sand intervas, dl of which pinchout a the
eastern edge of the field.! Entrgpment within the field is a result of this updip termination of reservoir-
qudity sandstones (Figure 2).
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The conventiond interpretation of the Blugacket (outcrop) and Bartlesville (subsurface) sandstone was
established in studies conducted by Visher? and his students a The University of Tulsa during the 1960s
and 70s. This interpretation proposes that the Bartlesville was deposited within a fluvia-dominated
deltaic system that prograded southward into the subsiding Arkoma Basin (see Figure 1), essentidly
during a sngle regressive event.  An dluvid valey sysem extending from the Kansas-Oklahoma Sate
line is inferred to show southward trangtion to a fluvid-dominated deltaic system across northeastern
Oklahoma Within this scheme, Glenn Poal fidd lieswdl within the ddtaic portion of the overdl system,
close to the depositiona boundary between upper and lower delta plain facies.

During this invedtigetion, the conventiond geologicd modd of Bartlesville sandstone has been
subgtantidly revised in light of new information. The detalls of this revison are discussed in the following
sections.



BUDGET PERIOD |
Introduction

In the first budget period, our effort concentrated on Sdf-unit located in the southeast portion of the
Glenn Pool field (see Figure 1). During this period, we gpplied several new technologies to improve the
reservoir description. These technologies include integrated reservoir description, geologica description
using DGI’s (discrete genetic intervals), modern logs, cross borehole tomography, geodtatistics and
reservoir flow smulation. The description and success of each of these technologiesis discussed in this
section.

Sdf-Unit

The Sdf-unit, area of investigation of project during budget period one is a 160-acre tract located in
southeast portion of Glenn Poal ail fidd in section 21-17N-12E (Figure 4). Currently Uplands
Resources, Inc. operates the unit. The first well on the lease was put on production November 6,
1906. Indl, 5 wdlswere put on production in 1906. Out of the three Glenn sand intervals, the upper
and middle are present while lower Glenn is absent in the Sdf-unit. ARCO's report by Heath’ on the
Glenn sand unit gives a brief history about the performance of the Sdlf-unit.
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The origind ail in place (OOIP) for the unit has been edtimated to be 13.009 MMBO. Primary
production during 1906-1945 resulted in the production of 1.809 MMBO representing 13.91% of
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OOQIP. In 1945, gas repressuring began in the unit. This resulted in a recovery of 0.231 MMBO
representing 1.8% of OOIP. During 1954-1966 the unit was put on a pilot water flood resulting in
production of 0.169 MMBO (1.3% of OOIP). The recoveries were higher in the areas surrounding the
pilot and the gas injectors. In 1966, water flooding was extended to the mgority of the fidd. In the
initid period of water flooding, the production increased across the entire Sdf-unit.  The tota
production during 1966-1978 was 0.235 MMBO, representing 1.8% of OOIP. The unit was re-
drilled in 1978 on a ten-acre 5-spot pattern. During 1978-1983, 0.146 MMBO production
representing 1.12% of OOIP was obtained. From 1984-1992, production was 0.157 MMBO
representing 1.2% of OOIP. Totd production obtained to date from the unit is around 20% of the
OOQIP.

The Sdf-unit experienced good primary recovery, but response to the subsegquent secondary recovery
efforts has not been encouraging. Study of the available well logs and core reports indicate that
lithologic heterogeneities and permesbility vary throughout the lease. Wl logs taken in the 1980's
indicate higher water saturations in middle Glenn portions rather than in the upper Glenn. Upper Glenn
portions could not be swept by water flooding, perhaps, because of lower permesbilities in these
portions and inadequate perforation coverage.

Despite subsequent water flooding, water injection could not be contained on the lease and water
possbly migrated to other parts of the fidd. Large permesbility variations in upper and middie Glenn
aso contributed to this inefficient use of water injection. Injection pressures and rates vary throughout
the lease; pressures range from 50 to 700 ps, and the rates range from 40 to 2,000 barrels of water per
day. At the start of budget period one, ail production from the unit was less than 18 bbls/d with water
cut of 99%.

In totd, 81 wells have been drilled on the Sdf-lease. The sudy required the avalability of dl wel
records. Though sarting production and abandonment data for most of the wels are available,
information with regards to the production higory for individua wells could not be traced. The lease-
wide production records are not available before the year 1935. Well chronology has been established
by andyzing two well maps, well map as of 12-August-1955, well map as of 15-May-1981 and the

12



other sparsely available well records. Information pertaining to the number of producing wells eech year
is available from production documents but information regarding the location or respective number had
to be estimated based on the documents mentioned above. The chronologica development of the Sdif-
unit on awell by wdl basstill the sart of the project isincdluded in Table 1. The well map depicting dl
the wdls drilled in the Sdf-unitisshown in Figure 5. Initid development occurred along the periphery
of the unit; subsequently, development occurred in the interior.
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Table 1 —Historical Information on Self-unit

Year Number of Gas Water Water Wdls Wdls Well Number
Producers Injectors Injector Disposal Drilled Plugged
1906 5 - 5(1, 2, 3,4,7) - 1,2,34,7
1907 27 - 22(5, 6, 8-27) - 1-27
1911 26 0 0 1(4) 1-35-27
1923 24 - - 2(3,5) 1,2,6-27
1927 20 - - 4(11, 12,17,18) | 1, 2, 6-10, 13-16, 19-27
1930 18 - - 2(19, 24) 1, 2, 6-10, 13-16, 20-23, 25-27
1936 18 - - - 1, 2, 6-10, 13-16, 20-23, 25-27
1946 16 4(21, 28, 31, 32) 5(28-32) 1(27) 1, 2, 6-10, 13-16, 20, 22, 23, 25, 26
Inactive 29, 30
1947 19 5(21, 28, 31, 32, 7(33-39) - 1, 2, 6-10, 13-16, 20, 22, 23, 25-26, 29,
37) 30,33
Inactive 34-36, 38-39
1948 25 6(21, 28, 31, 32, 6(40-45) - 1, 2, 6-10, 13-16, 20, 22, 23, 25-26, 29,
37, 43) 30, 33, 34, 35, 36, 38, 39, 40
Inactive 41, 42, 44, 45
1950 27 8(21, 28, 31, 32, 2(46, 47) - 1, 2, 6-10, 13-16, 22, 23, 25, 26, 29,

37, 43, 47)

30, 33-36, 38-42, 44
Inactive 20, 45-46
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Year Number of Gas Water Water Wdls Wells Well Number
Producers Injectors Injector Disposal Drilled Plugged
1954 27 8(21, 28, 31, 32, 37, | 3(22, 48, 49) 1(20) 2,(48,49) - 1, 2, 6-10, 13-16, 23,
43, 47) 25, 26, 29, 30, 33-36,
38-42, 44-45
Inactive 46
1957 28 - 11(21, 22, 28, 31, 32, | 1(20) 1(50) - 1, 2, 6-10, 13-16, 23,
37, 43, 47, 48, 49, 50) 25, 26, 29, 30, 33-36,
38-42, 44-45, 46
1965 28 - 12(21, 22, 28, 31, 32, | 1(20) 1(51) - 1, 2, 6-10, 13-16, 23,
37, 43, 47, 48, 49, 50, 25, 26, 29, 30, 33-36,
51) 38-42, 44-45, 46
1967 28 - 12(21, 22, 28, 31, 32, | 1(20) 1(52) - 1, 2, 6-10, 13-15, 23,
37, 43, 47, 48, 49, 50, 25, 26, 29, 30, 33-36,
51) 38-42, 44-45, 46, 52
Inactive 16
1970 28 - 12(21, 22, 28, 31, 32, | 1(20) - 1(16) 1, 2, 6-10, 13-15, 23,
37, 43, 47, 48, 49, 50, 25, 26, 29, 30, 33-36,
51) 38-42, 44-45, 46, 52
1971 27117y | - 12(21, 22, 28, 31, 32, | 1(20) - 5(7, 9, 13, 14, 15) 1, 2, 6, 8 10, 23, 25,
23(2" ) 37, 43, 47, 48, 49, 50, 26, 29, 30, 33-36, 38-

51)

42, 44-46, 52
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Year Number of Gas Water Water Wdls Wells Well Number
Producers Injectors Injector Disposal Drilled Plugged
1972 20 12(21, 22, 28, 31, 32, | 1(20) - 3(29, 33, 34) 1, 2, 6, 8, 10, 23, 25,
37, 43, 47, 48, 49, 50, 26, 30, 35, 36, 38-42,
51) 44-46, 52
1973 20(1% %) 12(21, 22, 28, 31, 32, | 1(20) - 3(10, 35, 36) 1, 2, 6, 8, 23, 25, 26,
17(2nd %) 37, 43, 47, 48, 49, 50, 30, 38-42, 44-46, 52
51)
1978 16 11(21, 22, 28, 31, 37, | 1(20) - 2(2,32) 1, 6, 8, 23, 25, 26, 30,
43, 47, 48, 49, 50, 51) 38-42, 44-46, 52
1979 6(1% %) 1021, 22, 28, 31, 37, | 1(20) 3(53-55) 8(8, 23-26, 44-47) 1, 6, 30, 38, 42, 52,
9(2™ 1) 43, 478, 49, 50, 51) 53-55
Inactive 39-41
1980 (Jun) 6 2(48, 50) - - 17(1, 20, 21, 22, 28, | 6, 30, 52, 53, 54, 55
31, 37-43, 49, 51)
1981 (Dec) 21 11(48, 52, 53, 58, 59, | - 24(56-80) 1(6) 30, 50, 54-57, 6-64,
65, 66, 67, 73-75) 68-72, 76-80
1982 20 11(48, 52, 53, 58, 59, | - - 1(30) 50, 54-57, 60-64, 68-
65, 66, 67, 73-75) 72, 76-80
1984 20 11(52, 53, 58, 59, 65, | - 1(81) 1(48) 50, 54-57, 60-64, 68-
66, 67, 73-75, 81) 72, 76-80
1992 Same status
1993 Same status
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As dready mentioned, the unit was put to production in 1906, though no exact date could be found.
Hesath's report® lists the cumulative production through 1946 as 1.809 MMBO. Yearly production
information from 1935-1906 has been extrapolated based upon the number of wells operating in the
respective years and the production information for the years 1935-1946. From 1936-1972, the yearly
esimation has been carried out on the basis of production information available for one month, three
months, or in some cases Sx months. 1972 onwards production data availability are complete and
detalled. Annud water injection and production rates are available for Sdf-unit and the adjoining
Burrows lease combined. Data for individual leases has been obtained based upon their respective ol
production fraction. The overdl production history based on the above information is summarized in
Figure 6. Asevident from thisfigure, every time new technology was implemented in Slf-unit the fidd
responded with substantia increase in production. Thisis evident in 1946, 1965 and 1978. This dso
gives an indication that if new technology is properly used and a good reservoir management plan is
implemented, the Sdf-unit can respond with an increase in il production.
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Figure 6 — Production history of Sdf-unit
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For information related to the petrophysica properties, 3 wdl logs for wels drilled after 1978 are
available. Permesahility data availahility for the Sdf-unit is not that abundant. Though eight core reports
are available from the wells operating during 1940's and 1950's, the logs for those wells could not be
traced and as a result no relaion between the core and well log of the same well could be established.
Furthermore, the existing wells have only been logged and there is no core report relevant to these

wells

Wil schedule, water injection and production data have been summarized based on 1002-A forms,
production reports, Pl forms and other miscellaneous documents available from Uplands Resources,
Inc. and the Oklahoma Well Log Library.

Although sgnificant production data were available, the project team believed that an additiond well

was needed to be drilled for the following reasons.

We did not have a gngle core from the Sdf-unit. The only core available to us was from northern
part of the Glenn Pool field. We did not believe that it would be representative of Sdlf-unit.

We intended to run micro-imaging log to obtain detailed geologica architecture. To run the micro-
imaging log, we needed an open hole. With the existing wells, no open hole was available.

We wanted to use cross borehole tomography to generate cross section information between two
wells. To properly obtain the image of the reservoir, the well needs to be drilled deeper than the
formation. All the existing wells were drilled to the totd depth of Glenn sand. To properly obtain
the cross borehole imaging information, we needed to have at least one well 400-ft deeper than the
bottom of the Glenn sand.

In view of the above consderations, a vertical well was drilled in the Sdf-unit at the end of 1993. The
location of the well, SAf-82 is shown in Figure 5. The location was decided based on preiminary
geologica mapping, as well as distance condderations from the surrounding wells. The well was drilled
400-ft deeper than the Glenn sand. It was cored, a suite of modern logs, including micro-imaging log,
was run successfully. The well was completed in January 1994.
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In the following sections we will describe various technologies used in improving the reservoir

description.
Geological Facies Architecture

Conventional geologicd andyss has divided the Glenn sand into upper, middle and lower sands.
Recent well log, core, and outcrop anadyses, however, have resulted in Sgnificant revisons to the
conventiond modd.”® These studies strongly suggest the Bartlesville sandstone in Glenn Pool field and
much of northeastern Oklahoma consst of incised vdley-fill deposts.  Advanced reservoir
characterization efforts in the southern portion of the field, including the Sdf-unit, propose a new facies
architectural scheme based on athree-level spatial hierarchy of dements® These dements, in increasing
volumetric order, include 1) faciedsubfacies;, 2) discrete genetic intervas (parasequences); and 3)
systems tracts and stratigraphic sequence (Figure 3).

Much vauable data for re-interpretation of the Bartlesville sandstone came from a project cooperative
well, the S&If-82. A full suite of logs, including a microresigtivity borehole image log, as well as a core
(87-ft, 26 m) through nearly the entire Bartlesville interva, supplied considerable information for detailed

characterization of reservoir sandstones and remaining reserves (Figure 7).
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Figure 7 - Salf-82 log with sratigraphic units and core oil-staining observations™

Facies and Subfacies Elements

The use of the term facies and subfacies is congstent with the traditional concept of sedimentary facies.
Each facies and subfacies is characterized by its texture, sedimentary structures and wirdline log profile.
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Although they are given interpretative names, each is based on its digtinctive descriptive characteristics.
As architecturd dements, facies, and to a more limited degree subfacies, are the volumetrically smallest
eementsin the hierarchy resolvable by conventiond subsurface technologies.

Braided Channel-Fill Facies

Braided channe-fill facies compose the lower 40 to 80 ft (12-24 m) of the Bartlesville sandstone in
Glenn Pool field. These deposits consast of structureless to less commonly parald-bedded, moderately
to well-sorted, upper medium- to lower coarse-grained sandstones (Figure 8. The basa contact is
erosond with the underlying Savanna formation (sequence boundary, Figures 3 and 7). In outcrop,
thick, structureless sandstones grade laterdly to cross-gratified and/or paralel-bedded sandstone with
parting linestions®
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Figure 8 — Salf-82 core description of DGI F braided channd-fill facies'®
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Subsurface correlations suggest that braided fluvial sandstones cover much of the southern part of Glenn
Pool field. Mapping reveds localized areas where net sand thickness is 40 to 60-ft (12-18 m) over an
area of 120 ac (48 ha), elongated in an east-northeast to west-southwest direction. In outcrop, the
laterd limits of sand-body complexes are rardly seen, but numerous internd erosiona surfaces define
individua sand-bodies with width to maximum-net-sand-thickness retio averaging about 30% and
ranging between about 15-50%.°

Deposits of this facies exhibit blocky gamma ray well log profiles and excdlent reservoir characteritics,
as determined by core andysis (Figure 7). Porogties and permegbilities are commonly in the range of
20-25% and 100-1000 md.

Meandering Channel-Fill Facies and Subfacies

Meandering channd-fill deposits dominate the upper 100 to 150-ft (30-45 m) of the Bartlesville
sandgtone in Glenn Pool field. Thisfadiesis further subdivided into lower, middle, and upper channd-fill
subfacies that together display a fining upward progression in grain Sze and an upward increase in
proportion of interdtratified mudstone. This texture profile and upward increase in mudstone content is
aso reflected in serrated bell-shaped well log (gammaray and residtivity) profiles (Figure 9).
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Figure 9 — Salf-82 core description of DGI C meandering channel-fill facies™

Lower Channel-Fill Subfacies

Congsts of moderatdly to well-sorted, medium-grained sandstone with medium-scae cross
dratification. Intraclast lag depodts are common at the base, with smilar clasts and mudstone drapes

typicaly occurring ong cross dtrata.
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Middle Channd-Fill Subfacies

Deposits include moderately sorted, lower medium-grained sandstones; poorly sorted, sty fine-grained
sandstones, and mudstone to slty mudstone with carbonaceous debris.  Other physical structures
include horizontd dretification and ripple lamination. Medium grained sandstones tend to be cleaner
and better sorted. Low-angle bedding planes identified as lateral accretion surfaces show drapes of
medium- to very thin-bedded mudstone and silty mudstone containing carbonaceous debris (Figure 9).
Inversgon in the overdl fining-upward texture profile and medium-scae trough cross dratification are
regarded as chute channd-fill depogts within the middle channd-fill subfacies. Chute channd-fills are
not common in Glenn Poal fidd, but are common in outcrop exposures northeast of Glenn Pool.”

Upper Channel-Fill Subfacies
This subfacies congsts of non-reservoir mudstone and sty claystone.

Interpretation of the above described facies and subfacies as meandering channd-fill deposits is
consistent with published literature™™? The basal erosiona contact is regarded as the record of the
channd thadweg (thread of degpest flow) eroding lateraly as the channd evolves. The lower channd-fill
subfacies are the depodts of crescentic dunes deposited near the thalweg but in shalower, lower
current-strength parts of the channdl. The middle channd-fill subfaciesis the record of lateral accretion
bar deposition. The presence of sand-mud couplets and abundance of mudstone interbeds strongly
suggests influence by tiddl fluctuations™® The upper channel-fill subfacies represents the abandonment
phase of channd filling; it is expected to be thickest at the last location of the thalweg.

Log correlation and facies mapping in southern Glenn Poal field define north-south oriented meandering
channd-fill sand bodies, in contragt to the more east-west orientation of braided channelfill facies®
Meandering channd-fill sand-body geometry is characterized by awidth to maximum net sand thickness
ratio ranging from 30-80%. Channd-fill widths vary from a typicd 1,500-ft (500 m) a lower
dratigraphic levels to 200-ft (67 m) at upper dratigraphic levels. Within each channd-fill depost
localized net-sand isopach thicks are interpreted as complex laterd accretion bar deposits.
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Andyds of amicroresigtivity borehole image log run in the S&f-82 wel demondrated the utility of using
these data for refining the facies architecture a a particular location Figure 10). The meandering
channd-fill facies is interpreted as the deposit of a complex laterd accretion bar with the mgor sand
thickness located to the north-northeast of the Saf-82. The acute azimuthd angle between the dip of
lower channd-fill subfacies cross strata (azimuth average = 153°) and the dip of middle channd-fill
subfacies laterd accretion surfaces (azimuth average = 183°) indicates the Sdlf-82 is located on the
downstream side of a latera accretion bar.’*  In addition, the upward rotation observed in latera
accretion surface dip directions suggests thet this bar developed by amplitude increase (i.e. increasing
thalweg sinuosity) and included secondary nodes.™®
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Figure 10 - Microresigtivity borehole image for meandering channd-fill facies of DGI C*°
Solay Facies

Splay facies has a characterigtic coarsening-upward textura profile that results from interbedded sty
mudstone and fine-grained sandstone grading upward to medium-grained sandstone (Figure 11).
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Low-angle pardld bedding and ripple crosslamination are the most common sedimentary structures,
with medium-scale cross dratification and contorted bedding less frequently observed. Thin mudstone
beds (up to severd inches, centimeters) are interstratified throughout and become more numerousin the
uppermost portions of the Bartlesville sandstone.

Core
Deph(fy  Splay Complex

Porosity (%) Permeability (md)
5 20 107 103
i x | |
TR L |
| :\ | | h.-+
| 1 i A splay 4
| i 1] | Ped ] 1510
W T
': i 'F : I I *+f
' 1I .d'"*! i-l:- |
LT | | T
i H | G
| j" i splay 3
i ;
| | r*. +
r I
A feod {
e s : 1520
Il i
o | splay 2
T Il
|t o
[T | e
i ik !' S splay 1
(| [ |
|| |

5
e?“é «

Figure 11 — Self-82 core description of DGI D splay facies™

Solitary occurrences of splay facies typicaly generate a funnd-shaped log profile (Figures 7 and 11).

However, where splay complexes formed from two or more crevasse bresks, vertical stacking of
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sandstone and mudstone beds, as well as grain sze profiles, are more complicated and exhibit

undiagnostic log responses (Figure 7).
Floodplain Mudstone Facies

Floodplain mudstone facies consst of strata ranging from siltstones with ripple cross lamination to dark
gray mudstones and carbonaceous shde. High gamma ray and low resigtivity well log vaues are
characteristic. However, the log response may not reach the "mudling’ where these mudstones form
thin beds between thick sandstones.

To the south and northwest of Glenn Pool field, the floodplain facies contain cod deposts that are
mined localy.***

Discrete Genetic | nterval (Par asequence) Elements

A discrete genetic interva (DGI) is defined as a collection of geneticdly related contiguous facies
deposited during a discrete increment of time. Kerr and Jirik™® developed the concept of a DGI for the
purposes of subsurface mapping of Tertiary fluvid deposits in the south Texas onshore gulf coast region.
Thus, a DGI is an operationd unit for subsurface mapping. A sngle DGI is corrdated as having a
common elevation from the top of gross channd-fill thickness to a stratigrgphic datum (marker bed).
After corrdlation through a cross section network has been completed, the facies and their thickness are
plotted at each well ste for each DGI. If the facies genetic rdationships are logicd, then the task is
complete. If, however, the facies genetic relationships do not make sense, then the corrdation must be

reconsdered and another iteration is required. Once satisfied with the DGI correlation, facies-biased
isopach mapping is performed.

A DGI can ds0 be thought of as a lithogtratigraphic unit whose boundaries have chronogtratigraphic
ggnificance and whose definition in the case of the Bartlesville sandstone is equivdent to that of a
parasequence’ in sequence sratigraphic parlance™  Identification of DGI’s for the Self-unit portion of
Glenn Poal field are indicated in Figure 7. As shown, eech DGI is commonly associated with a single
fadies type in individud wdls but will exhibit laterd digtribution of coexidting facies in cross sections
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(Figure 12). The DGI is conddered the mgor subsurface unit for mapping purposes. Within the
productive, sand-rich portion of the Bartlesville sandstone, individua DGI’s are separated by lateraly
extengve (except for locaized erosona windows) floodplain mudstone horizons. Facies occurrences
within a DGI share a common depth relative to the Inola limestone marker (Figures 7 and 12). In
corrdaing Bartlesville DGI's in southern Glenn Poal field, a 5-ft (1.5-m) tolerance is required due to
locd variaionsin early compaction and syndepositiond dumping off the valey margin.
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Figure 12 — Cross-section through Self-82 well showing of discrete genetic intervals and facies™

In the southern part of Glenn Pool field, a tota of 7 DGI’s are recognized, labded A through G in
descending order; however, DGI G is not present in the Self-unit (Figure 12).° DGI’s G and F consist
of braided channe-fill facies and limited occurrences of floodplain mudstone facies. DGI’'s A-E are
made up of meandering fluvid facies (channe-fill and splay facies) (Figure 12), with an overal upward

increase in the proportion of non-reservoir floodplain mudstone facies. Within the limits of the Sdf-unit,
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DGI G is absent due to onlgp pinchout to the south. South of Glenn Poal field, DGI A through E show
trangition to estuarine bayhead delta facies deposits.”

Systems Tracts and Sequence Stratigr aphic Elements

The largest dtratal volumes congdered in study of the Blugacket (Bartlesville) sandstone are equivaent
to systems tracts and dtratigraphic sequences. A dratigraphic sequence is a successon of geneticaly
rdated strata bounded by unconformities and their correlative conformities® A systems tract is a
contemporaneous three-dimensional assemblage of facies whose designation is based on position within
a dratigraphic sequence and a digtinctive parasequence stacking pattern.’*®  The origind
conceptudization of sequence dratigraphy has the incised valey being filled during the later stages of
rdaive sea level lowstand.®# However, if the erosiona accommodation provided by incision of the
former shdf is not filled during relaive sea leve lowstand, then the incised valley may be filled during
subsequent rise in relative sealevel .

Based on andyss of facies didtribution and DGI (parasequence) stacking petterns, the Blugacket
(outcrop) and Bartlesville (subsurface) sandstone comprises two systems tracts (see Figure 3). In
Glenn Pooal fidd, the low-stand systems tract is represented by DGI G and F, which include braided
channe-fill facies sandstones in an aggradationd stacking pettern.  An overlying transgressve systems
tract is interpreted for DGI A through E, with meandering fluvid facies dominant in the area of Glenn
Pool field. The Inola marker is consdered to represent a compressed section associated with the
maximum flooding surface (Figure 3).

The basal contact of the Bartlesville sandstone with the underlying Savanna formation is an unconformity
identified as a type-1 sequence boundary. This conclusion is based on outcrop observations and
detalled subsurface corrdations and conforms to the overal interpretation of the Bartlesville as
representing the lower portion of a type-1 stratigraphic sequence.’ The sub-Bartlesville unconformity
shows truncation of parasequences in the Savanna formation and, as noted, is onlgpped by Bartlesville
parasequences (DGI’s).
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Petrophysical Properties and Architectural Elements

The above andyss of facies architecturd eements is consdered of direct importance to defining,
mapping, and explaining the digribution of reservoir quaity and remaining oil reservesin the Bartlesville
sandstone. Core analysis performed on samples from the Saf-82 well demonstrated that porosity and
permesbility are strongly DGI-related, with both parameters showing progressive increase from DGI B
downward to DGI F (Figure 13). Highest reservoir quality and the greatest degree of homogeneity are
indicated for DGI F, with Kv/Kh ratios as high as 0.8-0.9 (Figure 14). Moderate to good reservoir
quaity exists in meandering channd-fill and splay facies sandstones, which display consderably greater
permesbility anisotropy (Kv/Kh of 0.3-0.5) than do braided channd-fill deposdits. Figure 14 suggests
that both laterd and verticd fluid flow are sgnificantly more complex in meandering channd-fill and
splay sandstones, and that large portions of these potentia reserves remain unflushed by waterflooding
to date.
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Figure 13 — Permesbility vs. porosity from core plug messurements in Self-82'°
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This concluson is strongly supported by observations of oil staining in the Self-82 core (see Figure 7).
Such observations showed that DGI C, the lower channd-fill subfacies, was water bearing (i.e,
gppeared to be flushed), whereas actively bleeding oil was seen in middle channed-fill sandstones
between mudstone drapes on lateral accretion surfaces. For DGI D, in which individud splay
sandstone layers are separated by mudstones, oil was observed bleeding from al except one of the
sandstones, assumed to be flushed (see Figure 7).

The combined quantitative and quditative data on the Sdf-unit indicate that the largest amount of
remaning oil reserves, after nine decades of development, are concentrated in middie channd-fill
subfacies and splay facies of DGI A through E (transgressve systems tract).
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Structur e Southeast Side of Glenn Pool Field

Preparation for drilling the Self-82 well included picking the expected depths to the top of the Inola
limestone and Glenn sandstone for establishing a coring point. Offset wells were about 600-ft gpart
from the Self-82 staked location. The coring point was picked a 1420-ft drill depth; the point was
estimated independently by two geologists whose estimations were very smilar. After coring and logging
of the Sdf-82, it was redized that the estimated and actual depths were 30-ft off. This discrepancy was
most puzzling given the close distance to offsat wells. Condderation to the posshbility of additiona
gructurd rdief within the broad Glenn Pool field closure was discussed, but not given a high priority
within the project work schedule.

A dudy area was sdected dong the southeastern margin of Glenn Pool fidd (sections 27, 28, 33 and
34 of T17N R12E) for the invedtigation of this question of locdized sructurd relief. The working
hypothesis was that such sructures are large-scale dumps located dong the incised valey margin. The
sudy areais located closer to the margin than the Sdf-unit. Logs from 21 wells were available for this
effort. Well spacing ranges from 2,600-ft to less than 300-ft apart. Structure cross sections were
compiled through the well array.

The dratigraphic interva of interest gpanned the Pink limestone to the Brown limestone. Top of the
Pink is about 260-ft above the Glenn sandstone. Top of the Brown is about 120-ft below the top of the
Glenn sandgtone. The interva thickness between the top Brown and base of Glenn is highly irregular as
aresult of erosond relief along the base of the Glenn. Structure maps were produced for top Pink, top

Inola, and top Brown.

The top Inola structure map provides evidence of locaized structures Smilar to what would be expected
for dumping. The rdief within the sudy area measured from well log tops is 50-ft over about 1 mile.
Locdly, however, the relief is as high as 30-ft verticdly in 400t laterdly; relief comparable to that
developed around the SAf-82 well. From careful corrdation, it is clear that stratigraphic section if
faulted out of wells where the structurd relief is high. The faults appear to be lidric norma in geometry,
with associated antithetic faults and rollover anticlines. The normad faults trend northeast southwest



(pardld to the locd orientation of the incised valey margin) with open curvature to the northwest and
down to the northwest separation. Laterdly discontinuous antithetic faults mirror the normd faults.
Structural separation is 30-ft across the lidric faults with localized antithectic faults; is 15-ft across litric
faults without antithetic faults, and is 10-ft across antithetic faults. Separation up through the Pink
limestone is only locally developed.

The implication for reservoir compartments depends on the dratigraphic leve within the Glenn
sandgtone.  Faulting of the braided fluvia section probably haes little effect in that fault gouge of this
sand-rich interva isnot likely to be a barrier to fluid flow. On the other hand, faulting of the meandering
fluvia section could produce reservoir compartmentsin thet fault gouge of this mud-rich interva that will
likely produce reservoir barriers/baffles. Thus, DGI A through E reservoir compartments could be
developed locdly in these ligtric faulted aress.

Geophysical Analysis

As part of gpplying new technology, we evauated the effectiveness of cross borehole tomography in

improving the reservoir description. In this section we detall our efforts and provide some results.
| ntroduction

Seismic crosswell tomography is a method of determining seismic velocity (wave speed) between
boreholes. The tomographic image has a resolution of 10 to 25-ft and can supply otherwise unavailable
information on geologica and reservoir characterization parameters.

Seismic tomography is Smilar in principle to medical tomographic methods, but severd factors conspire
to make seismic tomography more difficult than the medica case. Thisis illugtrated in the comparison

below.**
Medical X-Ray Tomography

Imaged object can be completely surrounded by sources and receivers (full aperture).
Image rays travel a constant velocity (speed of light) and are Sraight.
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Uniform ray coverage.

Resolution dictated by x-ray wavelength on the order of Angstroms.
Seismic Tomography

Imaged object cannot be completely surrounded by sources and receivers (limited aperture).
Image raystrave at variable velocity (sound speed in rocks) and are bent.

Irregular ray coverage due to ray bending and limited recording aperture.

Resolution dictated by seismic wavelength on the order of 25-t.

These differences mean that medica tomography technology has not been of direct use in the saismic
case. Rather, it has been necessary to develop methods of acquisition, processing and interpretation
that directly account for the nature of seismic tomography measurements. This new technology has, until
recently, only been availadle in research labs of mgor ol companies. We fed that seismic tomography
an important tool for reservoir analyss. The information to be gained from seismic tomography includes
details of geological variations within the reservoir and estimates of parameters of interest to petroleum

enginesring.

In this project we acquired seismic tomography across a five-pot well pattern in order to visudize and
understand important parameters controlling reservoir qudity. The acquidtion and initid processng of
this data was performed by Amoco Production Company under the direction of Larry Lines and Henry
Tan of the Tulsa Research Center. The survey planning and interpretation was integrated with
petroleum engineering and geologicad data.

Four separate tomography data sets were acquired indde the Self-unit of the Glenn Poal fidd. The
geometry included a centraly located source well, S, and four receiver wells, R.  Each tomography
survey results in an image plane between the source well and the receiver well active for that survey. By
shooting in four subgtantidly perpendicular directions, we planned to maximize the probability of
observing geologic trends in the data (e.g., channdls, depositiona fabric, etc.).
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The source well is referred to as Sdf-82.  This was drilled as part of this research project. The
advantages of usng anew well for the source, as opposed to an existing well, are:

1) Hole will be clean, uncased and untreated.

2) Holewill belogged, including sonic.

3) TD approximately 500-ft below reservoir level.
4) Hole will be cored through the reservoir.

5) Holewill have micro-imaging log through the reservoir.

Items 1 through 3 are of direct importance to the tomography, while 4 and 5 are criticd to integrating
tomography results with reservoir parameters. In addition to the logs mentioned here, a deviation survey

was performed in the source and receiver wells.

The tomography acquisition was done with equipment and personne provided by Amoco Production
Company, under the direction of Dr. Lary Lines and Dr. Henry Tan. This team had extensve

30-31

experience in the acquisition of tomography data®™ > incdluding severa surveysin Oklahoma

The four tomography surveys were not be acquired in one continuous effort. Aside from questions of
fidd crew efficiency in a lengthy shooting program (see below), there was a need to review data from
the first survey for data quality and processed image fiddity. This review pointed out the need for
modifications to the acquigition parameters.

The field equipment needed for tomography acquisgtion is two wiredline trucks, a down-hole source and

adgring of down-hole recevers.

There were many tomography sources in use or being developed®™ ™ a the time of this project. This
study used a Piezoelectric transducer source® ** Physicdly, the source is a sted-encased ceramic
piezobender with 4 3/4 inch outdde diameter (OD), and requires a fluid-filled borehole of insde
diameter (ID) not less than 5 inches. It can generate a useful sgnd up to 2000 Hertz (cycles per
second) and actud tests in Oklahoma rocks similar to those a Glenn Pool have shown 1500 Hz signd
received across distances of 400 to 500-ft.

37



The badic recaiver for this study is a string of hydrophones connected through wirdine cable to a truck-
mounted recording system. The use of hydrophones requires the receiver hole, like the source well, to
be fluid filled. Animportant efficiency factor is the number of receivers that can be operated down-hole
at onetime, termed areceiver group. Current technology (as of the project date) limited this number to
about 6 receivers per group. The recaivers, wirdline cable and recording instruments ddiver a time
sampling rate of 50 microseconds, with 8000 samples per trace and 24 hitysample. This generd kind

of source/receiver tomography acquisition set-up has seen extensive fidd use®® 2 %

Data Processing

Once the data is collected it must be processed to create an image of the subsurface between the
source well and receiver well. Thisinvolves picking firgt arrival times for each source and receiver then
inverting a large, sparse system of agebraic equations. The result is a velocity tomogram which
esimates the seismic velocity on a regular grid in the vertica plane between the source and receiver

wells. The method is capable of determining interwell velocity variations of 5%, or better.

The plan was to process the data in two fundamentally different ways. Firs, the data would be
processed by Amoco using the system they had developed over the course of severa years***" We
considered this to be state-of-the-art processing technology. Second, we planed to process the data at
The Universty of Tulsa usng public doman software. We used a ssismic tomography processing

program written by the U. S. Bureau of Mines caled BOMTOM (Bureau Of Mines TOMography).

Since BOMTOM s free and could be run on a standard PC, it is typica of the processing capability
that any smal operator could possess. By processing the data in two ways we could compare the
processing capability available to small operators (e.g., BOMTOM) with the state-of-the-art solution
(Amoco processing). This gave some indication whether tools available to the smal operator are

adequate for reservoir characterization studies usng seismic tomography.
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I nterpretation and | ntegr ation

Once the seismic tomography data has been acquired and processed it must be interpreted. It is at this
dage, more than any other, tha the integration of geophysics, geology and petroleum engineering is
required. The raw product of tomography processing is a velocity tomogram showing variations in
seilsmic wave speeds between the source and receiver boreholes. This must be corrdlated with al
available information, including well logs, cores, geologica parameters (lithology, porosity, sratigraphy,
etc.) and petroleum engineering parameters (oil saturation, fluid contacts, etc.). Our project generated
one image between the source well and each of four recaeiver wells. We planed to interpret this data
and gain information on severa characterigtics of the reservoir. Firgt, structure and lithogtratigraphy,?® 3%
“% second, reservoir inhomogeneities,® third, acoustic continuity® ** which is a tool for determining
whether beds that gppear to be the same unit in two wells are physicaly continuous, and fourth,
correlation of dratigraphic units between tomography surveys to determine their orientation in three-

dimensiond space.

Any interpretation god depends on data qudity, but these require only average data qudity. In addition,
if the data quality were excdllent it might also be possible to infer porosity® and/or oil saturation.® #

Crosswell Seismic Test

The primary god before acquisition was to test operationa procedures and data acquisition parameters
in advance of the full crosswell test scheduled in late 1993 or early 1994.

The test was conducted on 24-25 August between wells 62 and 72 of the Sdlf-unit. The well locations
are shown in Figure 15. The acquisition team conssted of equipment and personnd from Amoco
Production Company's Tulsa Research Center (H. Tan, L. Colethorp and J. Beck). Also represented
were The University of Tulsa (C. Liner, M. Kekar, D. Ker, and graduate students), Uplands
Resources, Inc. (D. Richmond, J. Hm), and the Department of Energy (R. Lindsey).
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Figure 15 — Map and shooting schedule for crosswell seismic data acquisition

These particular wells were chosen because they were widely spaced (about 660-ft) and intermittently
shut down. Wl 62 served as the receiver well and 72 as the source well. The seismic source, Figure
16, is an annular piezoeectric transducer, which produces a swept signd. For day 1 shooting the sgnd
sweep contained frequencies from 200-2000 Hz. Other acquisition parameters are listed in Table 2
The recorded data traces were cross-correlated with the pilot sweep to create impulse-like correlated
data traces. The correlation process dlows more energy to be input over a time window (0.25
seconds) than could be injected by an impulsve source. An impulsive source of Smilar strength would
be damaging to downhole equipment and the borehole. The test operation involved two wireline trucks,
one each for source and receiver well, and a control truck. Each shot generated 6 channdls of time-

dependent data: one channd for each of the 3 receivers, one channd for the pilot signal, and two dead

channds.
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Piezoelectric Transducer
Sweep Signal

200-2000 Hz

0.25 s Sweep Time

4 ft Source Interval

Figure 16 — Photo of source and some characteristics

Table 2 — Properties of tomography software used in this project

Group Rays Anisotropy Access
Utulsa Curved Yes In development
Amoco Curved Yes Proprietary
MUN Curved Approximate Consortium
BOMTOM Straight No Public

The receiver apparatus, Figure 17, consisted of three hydrophones on wireline spaced 8-ft apart. The
hydrophones return eectrica sgnds in response to the passage of acoudtic, or sound, waves. The
receivers are suspended fredy in the borehole while the source is continuoudy moved in the receiver

well. Both source and receiver wells must be fluid-filled for the crosswell system to operate.
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Hydrophones
Fluid-filled Borehole
Array of 15

8 ft Spacing

Figure 17 — Photo of receiver and some characteristics

Four common receiver fans were shot on day 1, as shown in Figure 18. Also shown are the fan
numbering system, extent of fans lithology in source and receiver wdls, well separation, and
garting/ending depth associated with each fan. Some formation depths are aso indicated. The lithology
and formation depth information was supplied by the geologica team based on well-log interpretation.
The degpest sand unit in each well is the Glenn sand, which is the productive intervd in the field. From
the acquistion geometry we did not expect to determine veocity in the Glenn sand itsdf during this
limited test. The fanswere acquired in the order 1, 2, 3, 4.
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Figure 18 — Details of shooting geometry for the test survey

Fans 1-3 had source spacing of 16-ft, which alowed rapid traverse of the entire section of interest.
This source spacing is very large, even for a typica tomographic survey. It was used for testing
purposes only, and the total interval covered by sources in Fans 1-3 was approximately 700 to 1,500
ft. High-resolution reflection surveys require smadler source intervals. To test the feagibility of reflection
work a Glenn Pool, Fan 4 was shot with source spacing of 4-ft. This was accomplished by moving the

source up one-haf of thefixed receiver interval of 8-ft.
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Verticd gacking is a method of improving data quaity and suppressng random noise. The ideaisto
make repeat measurements without moving source or recelver and summing the repesat results to cregte
afind trace. The sgna-to-noise improvement achieved by this process in SQRT[N] where N is the
number of vertica stacks. Only random noise is suppressed by this technique. Source generated noise

(such as tube wave energy) is not suppressed.

All fans from day 1 used an 8-fold vertical sack. As the source is continuoudy moved uphole, the
source is activated 8 times in a 2-ft zone centered on the stacked source location. The resulting traces
are summed to form the stack trace at this level. The vertical stacking process is vaid if the stacking
interva is much less than a seiamic wavdength. We esimate the P-wave wavdength in the data to be
gpproximately 12 to 13-ft, and the S'wave wavelength approximately 6-ft. Therefore, the 2-ft vertica
gacking interva isvalid.

Data acquired on day 1 showed good data qudity and signd transmission. Firg arrivas (which are the
basis of tomographic processing) were wel defined, and significant events beyond first arriva energy
are aso present. These are some combination of direct shear waves, reflected P & S waves, and tube
waves. The 16-ft source spacing on Fans 1-3 give the direct arivas large time ddays as
source/receiver separation increases.  Four 4-ft source spacing on Fan 4 resulted in observation of
reflection energy beyond the firgt arrival.  These reflections are important as a source of high-resolution
information about the rock configuration.

Detailed examingtion of Fan 1 showed firg arivas with good continuity and amplitudes significantly
above background noise levels. When first bresk amplitudes fall below background level first bresks
cannot be picked for use in tomography. This gives a congraint on the maximum operating range of the
crosswel acquistion system. This operating range varies with geographic location and reservoir depth.

Direct arrivals weaken with angular sourcelreceiver separation. Caculations based on data from Fans
1-3 indicate the maximum transmission distance for direct arrivas a the Glenn Pool ste is about 735-t.
In the full crosswell test we expected well separation of 450-ft, so the 735-ft maximum range

corresponds to a maximum sourcelreceiver angle of 525, Thisiswell in excess of the design criteria of
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458 Therefore, we expected good direct ariva energy @& maximum acquisition angles in the full

crosswdll test.

A mgor attraction of crosswell seiamic data, relative to surface data, is its higher frequency content.
Spectrum andysis of the test data indicated sgnificant frequency content from 300-1300 Hz. No
surface seismic data exists at Glenn Poal, but typical surface seismic frequencies are 20-80 Hz. Thus,

crosswell seismic data gives a 10 to 20-fold increase in resolution relative to surface seismic data.

The second day of the crosswell test followed up ideas and concerns identified on day 1. Four
additiona fans were acquired. Fans 5 and 6 have source level spacing of 16-ft. These were designed
to test maximum sgnd range by shooting with large verticd sourcelrecaiver separation. The longest
sourcelreceiver separation occurs in Fan 6, where the signal clearly faded into background noise levels.
At this range no useful source-generated energy is present. This test fan reinforced the maximum range
caculations derived from day 1 data.

All of the day 2 data was shot with a source bandwidth of 400-2000 Hz. This change from 200-2000
Hz on day 1 was in response to low frequency tube wave noise (about 200 Hz) interpreted on the day
1 data The 400 Hz low-cut had anomina effect on the data quality.

Fans 7 and 8 are reflection-quality common receiver fans with 4-ft source spacing. These are near in
depth to the reservoir level and may contain reflections from the reservoir itsdf. These two fans were
shot with the first source in each fan verticaly offset by 2-ft. That is, the source levelsin Fan 7 are &
depth levels 1488, 1484, S, 1276, while Fan 8 has source levels 1490, 1486, S, 1278. This acquisition
geometry alows the data traces to be interleaved to an effective spacing of 2-ft. Strong tube wave
energy was seen to interfere with reflection events. Some advantage was gained by the 2-ft spacing, but

no further interpretation was attempted.

Also on day 2, avertical stack test was performed as part of Fan 5. The source interval 800-928 (fixed
receiver location) was shot once with 8-fold vertical stack and again with 32-fold vertical stack. The
32-fold data (lower plot) stands out dightly better from background noise level. The 32-fold data
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shows some improvement in signd strength in the 1500-2000 Hz range. Overdl the effect is a minor
improvement in data qudlity.

Crosswell tomography involves picking firgt arriva times on crosswell seismic data and inverting for a
velocity digtribution between the wells. The quality and reiability of the tomogram depends on highly
redundant data. If a grest number of travel times are available then the velocity field is well-constrained.
With fewer travel times the solution is highly non-unique. The crosswell data acquired on days 1 and 2
was insufficient for full tomographic recongtruction. However, using dl day 1 data we were able to
esimate velocities, which should be viewed with caution due to insufficient deta for full inverson. The
average velocity in well-illuminated zones was about 12,000-ft/sec. Thisisin very good agreement with
sonic log veocities from the Sdf-82, which was drilled in December 1994. The average sonic velocity
at adepth of 1,000-ft in the Self-82 is 11,800-ft/sec.

The location of Sdf-82 was decided in a series of team meetings during third and fourth quarters of
1993. From a geophysica point of view, this location was acceptable because the four surrounding
wells were close (about 330-ft) and formed perpendicular seismic image planes. This configuration

seemed optimum for delinesting reservoir features of interests.

After the Sdlf-82 well was drilled, well preparation began on the 59, 63, 81 and 64 wells. These wdlls
sarved asrecaiver wellsin the full crosswel survey. It was discovered a thistime that the receiver wells

were either plugged back or sand-filled to near the top of the Glenn sand.

An important parameter in tomographic acquigtion is aperture.  This is a measure of how wel the
acquisition geometry "surrounds' the object of interest. If the object is surrounded then the aperture is
good and a well-constrained image can be produced. If the aperture is incomplete, the object is not
surrounded and an incomplete image results. The nature of crosswell acquidtion is such that it is never
possible to acquire full aperture data, but it is important to get the best aperture possible. By having the
recever wels only open through the uppermost Glenn sand, the survey aperture was serioudy

compromised. It was decided to re-enter these wells for cleaning and/or reaming to the base of the
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Glenn. As cleaning these wdls was an unanticipated cog, the geophysica team was requested to

prioritize the receiver wellsin order of importance.

A mesting with geological team members was held on 17 January 1994, and priorities were established.
These priorities are given here, together with related comments.

1 82->81
Edge of DGI "B" sand (subtle)
Thickening of DGI "C" (15 feet)
Thinning of DGI "A" (10 fest)
Best image plane perpendicular to channel

2. 82 > 63
Point-bar to point-bar cross section
Erosond edge of DGI "B"
Thinning of DGI "A" (10 fest)

3. 82->64
Thickening of DGI "C" (10-15 fes)
Edge of DGI "B"
Thinning of DGI "A" (10 fest)

4. 82> 59
Small well casing (4.5" OD; 3.875" ID)
Unlikely it can be cleaned well enough to admit seismic receivers

Suggest no cleaning of well 59, but run receivers from PBTD.

Tomograms and | nter pr etation

By late 1994 there were tomography results available from The University of Tulsa (G. Bozkurt),
Amoco (A. Vassliou), Memoria University of Newfoundland (L. Lines), and BOMTOM (G. Bozkurt).
Table 2 ligts the tomography software characteristics used in this study.
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It was quickly apparent that the data presented a difficult geophysical problem because of strong P-
wave anisotropy present in shay rocks above the Glenn sand. Thiswas first recognized by A. Vassiliou
of Amoco, and independently discovered by L. Lines of Memorid Univergty. The following discusson
is based on ideas originated by A. Vassliou.

P-wave anisotropy means that the velocity of P-waves depend on direction of propagation. It is
customary to refer to speed of horizontdly traveling P-waves as Vh (horizonta veocity) and verticaly
traveling ones as W. If Vh > W then the rocks are said to be weakly anisotropic, while Vh >> W
indicates strong anisotropy. In the Glenn sand itsdlf, we observe negligible anisotropy. However, the
presence of strong anisotropy above the Glenn must be accounted for if accurate tomography results
are to be obtained. Furthermore, the level of anisotropy observed a Glenn Pool is such that surface
reflection data (such as 3-D seismic) may require specid processing. For independent operators in the
areq, thisfact could be very important.

Veocity anisotropy is usudly indirectly indicated. This can be through core plug messurements a
frequencies 100 times (or more) greater than surface seismic frequencies, or tomographic results that
are highly processed products or even non-hyperbolic norma move out curves on surface seismic data

At Glenn Pool we have rare direct evidence of strong P-wave anisotropy.

Thefirgt piece of evidence is the sonic log on the interva 1200 - 1600. Sonic logs measure velocity by
refracting a high-frequency P-wave pulse verticdly dong wdl of the borehole.  Thus, sonic
measurements indicate V. For example at the 1,250-ft level in Sdf-82 the sonic reading is 90
microsecs/ft, corresponding to a Vv of 11,110-ft/sec.

From the crosswell data, we can extract traces that have source and receiver at the same level (depth).
The pertinent wells a Glenn Pool were surface surveyed to determine relative wellhead location, and a
deviation survey was run on each to track subsurface (X, y, 2) coordinates of each well bore. From this
information, it is possible to congtruct a congtant-level gather for each survey. Since the source and
recelver for each trace are a the same depth, the direction of energy trave is horizonta and therefore

indicates Vh. The crosswell horizontd distance and travel time can be combined to provide a Vh
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Pseudo-Sonic reading in microsecs/ft. For example, a the 1,250t level in the 82->64 survey, the first
ariva energy indicates a Vh Ps-Sonic value of about 71.5 microsecs/ft, corresponding to a W of
13,990-ft/sec. Thisvaueisconssent in dl three crosswell surveys.

To summarize, the sonic log in SAIf-82 gives Vw=11,110-t/s at 1,250-ft while the crosswell data shows
that Vh=13,990-ft/s a the same depth. This represents direct evidence for a Vh about 26% greater
than Vv in the rocks at thislevel. Generdly, P-wave anisotropy greater than 10% is considered strong,
which makes the level of anisotropy seen at Glenn Pool quite remarkable.

As it relates to the tomography results, the first clear evidence of anisotropy was a characteristic X
feature seen in the BOMTOM result. This processing was done a The Universty of Tulsa using picks
from A. Vissliou of Amoco. This X fegture istypica of constant velocity tomography results in an area
where anisotropy is present. As seen in Figure 19, this fegture is present in the constant velocity
tomogram (BOMTOM), but not the MUN tomogram, which honors anisotropy and curved rays.
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Figure 19 — Comparison of 63-82 tomograms processed by Memorid Univerity and software from the

U.S. Bureau of Mines

The Memoria Univerdty tomograms were discussed at length at a meeting in Tulsa between Dr. Lines
and TU team members on June 29, 1994. This tomogram was sgnificantly different from the Amoco
result, particularly the level of detall in laterd variations of velocity. The origind of this tomogram was
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forwarded to TU for fina display and interpretation. Figure 20 is a Side-by-sde comparison of the
MUN and Amoco results. Findly, The University of Tulsaresult is compared with MUN in Figure 21.
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Figure 20 — Comparison of MUN and Amoco tomograms
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Figure 21 — Comparison of MUN and The Universty of Tulsatomograms

Based on discussions with the geologica and engineering teams, it was decided that the MUN result
best represented the subsurface as tested by well control. Detailed interpretation of the MUN
tomogram was undertaken. Figure 22 shows the full tomogram and a zoom of the Glenn interva
showing an interpreted sand body. Properties of the imaged sand body are listed, including width,
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height, etc. Thisisaleve of detal that is unavalladle from surface seismic measurements, and illustrates

the added value of crosswell sudies.
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Figure 22 — MUN tomogram and zoom of Glenn interva with interpreted sand body

Usng well log data, the geologica team had developed a sequence dratigraphic interpretation of the
rocks encountered in the 63 and 82 wells. In Figure 23, these interpretations are brought into the
tomogram. Findly, the interpreted tomogram is shown dong sde a line drawing of the sequence
dratigraphic interpretation in Figure 24.
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Figure 23 — Detailed dratigraphic interpretation
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Anisotropic Ray Tracing

As noted above, the Glenn Poadl dite is characterized by strong seilsmic anisotropy. This means that
seigmic wave speed in a vertical plane depend on the direction of travel, which leads to complications
with processing crosswell seismic data. If it is not properly taken into account, the resulting tomograms
exhibit artifacts, which have no geologica meaning. Software has been developed a The University of
Tulsato ded with this problem. The software is an extension of earlier work by Epili and McMechan®
and is the subject of G. Bozkurt's Ph.D. dissertation.**

3-D Seismic

In addition to cross borehole tomography survey, a 3-dimensiona surface seismic survey was acquired
on the western edge of the Glenn Poadl fidd. This did not include the Sdf-unit. This survey was
organized by C. Liner of The Universty of Tulsa on the bads of in-kind contributions by Uplands
Resources, The Universty of Tulsa, Mercury International Technology, and Nemeha Resources.
Unreated to the DOE research project involving Uplands Resources and The University of Tulsa, this
selamic survey was acquired, processed, and interpreted through in-kind contributions and without use
of DOE funds. The market vaue of the survey is gpproximately $50,000. The total area of the survey
is gpproximately 2 square miles.

The objective was to acquire (Nemeha), process (MIT), and interpret (TU) a 3-D seismic survey over

an area of known Wilcox (Devonian) production.
Specific interpretation objectives included:

Andysis of the Glenn sand intervd for evidence of channds and/or reservoir qudity indicators.
Structurd interpretation of the Wilcox formation.
Structurd interpretation of the Arbuckle formation.
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With the growing trend toward 3-D selsmic use in al phases of exploration and production, we fed this
project served as an example and a stimulus to 3-D work in the shalow oil province of northeastern

Oklahoma The data may be released in whole or in part at the discretion of each partner individudly.

This is an important project that benefited dl parties involved, and enhanced the exigting DOE Glenn
Pool project.

Geostatistical M odeling

Once the geologicd and geophysicd data are gathered, the next step was to integrate this information.
We generated petrophysica properties description such that the description is consstent with underlying
geology. The geophysica cross sections generated by cross borehole tomography were used to
improve the spatid modding of different attributes. In this section we describe the gpproach used to
integrate geological and petrophysica properties information. For additiona details, please refer to
Bahar.®® The technique is based on the combination of smultaneous sequentiadd Gaussan smulations
and conditiona distribution technique.

Multiple-Attributes Smulation

The approach used for this work in performing the co-smulation procedure is the combination of
smultaneous sequential Gaussian Smulation (sGs)*™ and conditiona distribution technique. Additionally,
the truncated Gaussian technique and indicator kriging are dso employed since it involves the Smulation
of indicator variable in the Gaussan domain. Figure 25 presents the schematic diagram of the co-
smulation technique used in this study.

The key techniques in this procedure are the implementation of the smultaneous sGs and the use of
conditiona digtribution to back transform the secondary and tertiary variables, i.e, porosity and
permesbility. The back transform of the first variable, i.e, facies, is performed using the truncated
Gaussian method.*”  Using this technique, there will be no cross covariances/cross variograms required

and no large co-kriging system to solve. Thisimprovesthe practica application of the technique.
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Figure 25 - Schematic diagram of the co-smulation technique

Theoreticdly, the technique is not limited to only three variables. We can extend it to as many variables
as we wigh, but the implementation of this technique in this study is limited to these three varigbles only
snce these are the most important variables, based on the log and core data, that directly relate the
geologica information and petrophysical properties.

The first most important aspect about the co-smulation technique developed here is the Smultaneous
use of sGs procedure for facies, porosity, and permeability. It provides two advantages. Firt, the ability
to incorporate the spatid relationship of each variable. Second, by sdecting the same smulation
procedure for al three variables, a sngle search neighborhood can be applied where the same data
points are used in the kriging process of each variable. This technique makes the program
computationdly efficient. Asin any SGs procedure, the sample points could either be the origind data
or the previoudy smulated nodes and each amulation node is vidgted only once usng the selected
random path.
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The gpplication of single search neighborhood during the smulation may not dways be possible if some
data for one or two variables are missing at one particular location. For example, consder the case
where & one location facies have been identified but porosity and permesbility are not available. For
facies, thislocation is condgdered as the sampled point but for the other two variables this location needs
to be treated as the unsampled location. So, when sampled points are searched during the sought
neighborhood process, this point can not be fully used to perform the kriging process of dl three
vaiables. It is only good for kriging of facies. Additiond search is required for porosty and
permesbility until the requirement of the minimum number of nodes to complete the kriging is satisfied.

In the most common Stuation, however, there will be porogty data for each location where facies are
identified and limited number of permesbility data are available. In this casg, it is better to perform the
gngle search neighborhood for facies and porogity smulations only and do separate search for
permesbility smulation.

In the case where the locations for permesability data are unknown, then only conditiond distribution
technique can be gpplied for permeability smulation, i.e., without the SGs. This is the case where the
“dternaive’ procedure of Figure 25 is gpplicable.

Since the technique uses independent sGs for each variable, the spatid analyss required are the
Gaussan vaiograms for facies, porogty, and permesbility. NoO cross variogram is necessary.
Additiondly, for the purpose of indicator kriging where its result is used in the truncated Gaussan
procedure®’ to back transform the Gaussian facies value, a set of indicator variogramsiis required. One

variogram is needed for each facies.

The second most important aspect of this co-smulation procedure is the use of conditiona distribution
technique to perform the back transformation from the Gaussian space into the origind space. Theidea
of usng conditiond didribution is smilar to the use of vertica proportion curves in the truncated
Gaussian technique. The vertica proportion curves represent the probability or the percentage of
geologicd facies a a particular depth. By using this proportion curve, it restricts the appearance of

certain facies and alows other facies a certain depth with some probability. In this case, the use of
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conditiona digtribution technique will redtrict the ditribution of the Smulated vaue which is conagtent
with the local relationships between the new and prior smulated varigbles.

In the standard SGs, the back transform procedure is conducted using the distribution of al data. Inthis
technique, the back transform of porosity, as the secondary variable, is congtrained to the porosity
digribution for certain facies only. Figure 26 shows the schematic diagram of the conditiond
digribution procedure for porosty smulaion. From this figure, we can see that, first, digtribution
functions or correlations between porosity and each facies are built (Figure 26a). Then, the cumulative
digtribution function (cdf) of porosity data in the origind space (Figure 26b) is caculated. The cdf in
Gaussian space can be caculated for later use as shown in Figure 26c¢.
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Figure 26 - Conditiond distribution procedure for porosty: (&) the frequency plot of porosity data for
certain facies type, (b) cumulative distribution function (cdf) of the corresponding porosity correlation,
and (c) cdf in Gaussian space
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Once a facies is assgned for a certain location, then the cdf for this facies is used to back transform
porogity asshown in Figure 27. In the example shown in this figure, the facies for a certain locetion is
identified as Facies A. Using the cdf of porosity for Facies A only, the Gaussian porosity obtained from
the sGs procedure is back transformed to get the final porogity value. The dotted line on the cdf curveis
caculated usng linear interpolation of the data in the cdf curve. This line is usad in assigning the find
porosity. The dotted line with the arrowhead shows the direction of the process during back transform

procedure.
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Figure 27 - Example of the use of conditiond distribution technique in porosity smulation

The use of this technique can be extended to next variable, the tertiary varigble, i.e., permesbility. Since
permegbility is a function of porogity, and porogty is a function of facies then permegbility needs to be
congdrained to both of these variables. Figure 28 shows the schematic diagram of the back
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transformation using conditiona distribution technique for permesbility. Figure 28a shows the porosty-

permesbility corrdation for one of the facies. As we can see from this figure, severa porosty classes

are defined in this corrdation. Thisis to minimize the variation of the permesbility values. In generd, the

number of the class can be set as the square root of the number of data points. However, in the

implementation of this program the number of classis dways set as 4 which corresponds to the quartiles

of data The histogram of permesbility for one of the porosity classis shown in Figure 28b. Using this
histogram, we can build the cdf of this hisogram as shown in Figure 28c. The cdf for Gaussan space

can be calculated for later use as shown in Figure 28d.
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Figure 28 - Conditiond distribution technique for permesbility

In the smulation procedure, once facies and porosity are assigned for a certain location, then we can

assign permeability using the appropriate cdf, i.e., the cdf from the corresponding porosity class, and the

Gaussian permesbility vaue from the sGs procedure.
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For the case where the sGs is not performed for permesbility Smulaion due to the missng location
information, a random number between 0 and 1 can be used ingtead of the Gaussan transformed vaue
to smulate a permesbility value from conditiona cdf.

The co-asmulation technique described in the previous section uses the data that originate mainly from
well logs and well cores. Using these data and other information, the geologist will produce geologica
interpretation of the reservoir that includes the description of facies at well location. Facies distribution
a, for example, 1-ft interva in each wel could be generated based on this interpretation. This
distribution becomes the hard data for the co-amulation technique. It is considered as hard data since it

is based on measured values.

The god of the geologicd smulation isto closaly replicate the geologist’ s interpretation. To achieve this
god, it may be important that some other information, other than the hard data, to be incorporated in the
geologicd smulation procedure. This information is commonly known as the soft data.

One type of information that can be considered as the soft data is the geologist’ s interpretation of facies
digtribution for the whole reservair, e.g., the isopach map of the facies. This interpretation is consdered
soft information since it is not based on messured vaues Hard déta in the indicator smulation
technique are represented by an indicator vaue that has the value of 1 if present and O if absent, eg.
I (X)=[0 1 0 0], meansfacies 2 ispresent and others are absent at locationX . To incorporate the
soft information, certain probability vaues can be assgned for each facies a one location. This
information can be incorporated in the smulation procedure by modifying the definition of indicator
function. For example, if there is 50% chance of facies 1 and 50% chance for facies 2 to exist a a
cetan location, then for a sysem with 4 facies, the indicator function becomes
I (X)=[05 05 0 Q].A question mark can be assgned if the probability of one faciesis not known

with certainty. That is, if the probability of facies 1 is 25% but there is no certainty about the other three

facies, then we can assgn aquestion mark for other facies, i.e, | (X)=[025 ? ? ?].

The value specified in the soft data can be assigned as the result of indicator kriging for that location. In

the case where the question mark is provided for severa facies then indicator kriging for those facies
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needs to be performed. The cumulative vaue of the kriging results must be rescaed to 1 minus sum
probability of the known facies. So, the cumulative vaue of al facies becomes exactly 1.0. For
example, if the soft data for alocation Xarel (X) =[025 ? ? 7], the kriging for facies 2, 3, and 4

must result with the probabilities that satisfy the following condition,

A p=(@-025=075  where O£ p £0.75 ad i = 234 Q)

The method was used to generate reservoir description in the Glenn Pool field. The geological unit used
by the geologist in describing the Glenn sandstone in the Glenn Pool fidd is the discrete genetic intervd
(DGI). Ye™ has defined 6 DGI’s in the vicinity of Sdf-unit, namedy DGl A through F, and 7 DGI’s in
the vicinity of track 7 unit, namey DGI A through G. Each DGl may condst of severd facies such as
channd fill, crevasse splay, and flood plain mudstone. Due to the unavailability of porosty log for track
7 unit, at haf of the wells, porosity data are Smulated using the remaining well data. Permesgbility data

are avalable from few of the cored wdllsin track 7.

The fird result shown here is the 2-D smulation of DGI A of track 7 unit. In the vicinity of this unit,
three facies exidt for the DGI A, namely channd-fill, crevasse splay, and shde/mudstone. For smulation
purposes, these three facies are named facies 1, 2, and 3, respectively. The dimension of the track 7
unit is 2640 © 2,640 5. ft. The Iamulation is conducted usng 80 ~ 80 grid blocks in x and y
directions or atota of 6,400 grid blocks.

The detalled spatid modding andyss is not included here.  Only the results of the smulation are
presented. Figure 29 presents the geologis’s interpretation of facies ditribution for DGI A in the
vicinity of track 7. The smulation results for 4 different redizations are shown in Figure 30. Total
number of redizations smulated is 100. Comparing these figures, we can see that the smulation
meaiches the geologidt’ s interpretation very well.
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Figure 29 - Geologist’ s interpretation of facies digtribution in the vicinity of track-7 (after Ye)'°
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Figure 30 - Multiple redization of facies distribution of DGI A - track 7 unit

The globd pdf comparison between the smulation and the conditioning detafor dl redizationsis shown
in Figure 31. From this figure we can see that, with respect to the conditioning data, the smulation
under-estimates the proportion of facies 2 and over-estimates the proportion of facies 3. But, as we
refer to Figure 29, we can observe that we only have two samples of facies 3. Therefore, the

discrepancy between the two results prevail.
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Figure 31 - Globa PDF comparison between smulation and data for dl redizations

The corresponding petrophysica properties digtribution for one of the redizations is shown in Figure
32. From this figure we can clearly see that both porosty and permeability distributions follow facies
description very well. This result confirms that the petrophysica properties are controlled by underlying
geologicd description. The local variation of the permeability distribution is due to the use of random
sampling method since collected permesbility data are from wells other than the ones used as
conditioning data. The other aspect that is important in this work is the efficiency of the program in
replacing the traditional technique, i.e., the two stage approach.”®**® This aspect will be discussed in the
next paragraph.

The amount of time required to complete one smulation run can be congdered very smdl. With the
Pentium 200-Pro machine, it takes about 7 seconds. The variation in Smulation time using different grid
block configuration and different number of redizations is shown in Figure 33. As expected, the
amount of time varies sgnificantly depending on the number of grid blocks as well as the number of

redizations.
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Figure 32 - Porosity and permegbility distribution of DGI A for track 7 unit from one of the redlization.

Permeability is sampled using random sampling. (@) Porosity digtribution. (b) Permesability distribution
shown in log scale. (c) Permesbility digtribution shown in decima scae.

The efficiency of the program can be much more appreciated if we directly compare the actud time
required to complete one case study starting from raw data until the distributions of facies, porosty, and
permesbility are obtained. This include data preparation and variogram andysis. Using the traditiona
approach it is estimated that an order of magnitude time will be required compared to the approach
proposed here* We have to include the data preparation time in this comparison since the traditiondl
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gpproach requires a lot of human intervention to complete the work while the co-amulation technique

has diminated abig part of it.
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Figure 33 - Computation time comparison for different grid block configurations and different number of
redizations

The second result shown in this section is taken from the Sdf-unit data where the 3-D smulation of
DG, not facies, is conducted. The purpose of this smulation isto show that the smulation is cgpable of
amulating the sequence dratigraphic characteridtic of the DGI. The number of grid blocks used in this
exampleis 256,000 (40~ 40~ 160) grid blocks where the size of each block is66~ 66~ 1ft>. The
3-D view of DGI didribution is shown in Figure 34. The corresponding petrophysical distribution is
shownin Figure 35 and Figure 36.
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160 ft

Figure 34 — 3-D view of DGI distribution of the Saf-unit data

From these figures we can see clearly how the DGI’ s vary from top to bottom with shae on the top and
the bottom borders. This digtribution is followed very well by the petrophysical properties distribution
as shown in Figure 35 and Figure 36. The increase in porosity and permesbility from top to bottom are
matched very well with the field observation, i.e., from well log and core data.
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Figure 35— 3-D view of porosty digtribution of the Sdf-unit data.
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Figure 36 — 3-D view of permesgbility digtribution of the Sdf-unit data.

The gpproach used in incorporating tomographic data is very smilar to the above discusson. The only
difference was the congruction of variogram mode, which is required for spatial andlyss. Instead of

68



usng data from verticd wells only, we adso used the data from various cross sections generated by
tomography. As a result of incorporating tomographic data, the variogram modd improved
subgtantialy. However, as discussed in the next section, the overdl flow smulation results did not
improve subgtantialy.

Flow Smulation

In conducting flow smulation to smulate the reservoir performance, we used three adternative modds.

These are:

Deterministic mode!: It represents traditiona approach where cross correations at interva locations
were established based on geologicd correations. The petrophysical properties were estimated
using traditiona interpolation techniques given the well deta.

Stochastic model: This modd represents a geostatistical approach where an integrated description
was used to generate a detalled reservoir description. Some of the results are shown in the previous
section.

Stochagtic model with tomogram: This modd represents incorporation of cross borehole seismic
data in stochastic modd!.

Following the reservoir description task, the flow simulation was conducted to match the past
performance and aso to predict the future production using three different scenarios. Based on the flow
amulation results, the economic andyss was conducted as to the most feesble scenario that is

gpplicable to the Sdlf-unit.

Deter ministic M odel

Geological Smulation

The common problem encountered in generating the reservoir description is how to fill in the information
a the unsampled locations, i.e. & the interwell regions. The conventional way of solving this problem is
to assume that a certain relationship (correlation between wells and/or based on sSmilarity) exigsin these
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regions, and that there is a unique set of model output data for a given set of inputs. Thisis known asa
determinigtic approach. A model that is commonly used in the conventiona approach is known as the
layer-cake modd.

The geologigts involved in this project, Kerr and Ye, have established a dtratigraphic framework of the
Sdf-unit that divided the unit into 6 Discrete Genetic Intervas (DGI’'s). Using eech DGI as a layer, a
moded with 6 sandstone-layers can be developed. From ther interpretation, it is observed that for some
intervals an impermesble layer exists between two consecutive DGI’s. To accommodate this fact, the
model is modified to contain this layer in between two DGI’s.

For the purpose of flow smulation, each layer is divided into severd grid blocks. To cover the 160-
acres of the Sdlf-unit, 400 grid blocks (20 © 20in X and Y directions respectively) are assigned to
eech layer. Using this configuration, the dimension of each grid block in X and Y directions becomes
132-ft wheress its thickness is determined using bilinear interpolation based on the well data. Figure
37 shows the interpolation result for north-south cross section.  This figure clearly indicates how each
layer is stacked againgt one ancther.
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Figure 37 — Deterministic north-south and east-west sand cross section

Figure 38 shows the thickness comparison of each layer between well data and the modd at wells No.
43 and No. 37 respectively. The data from these wells were not used as input in the interpolation
process. Thus, these comparisons should vdidate the interpolation used in generating the model. As
these figures indicate, the mode conforms to the geologica architecture as is commonly observed in the
conventiona method.
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Porosity Description

In assigning the porosity vaue to each grid block, the well data is first superimposed on the geology
data, i.e.; the porosity of each DGl/layer is separated from the others. An average vaue is caculated
for each layer a each well. Then, the porosity of a grid block at an unsampled location is caculated
using bilinear interpolation of the well data that has been averaged previoudy. The porosty of the
impermesble (shale) grid blocksis set as zero. All of the porogity data used in this study were gathered
from the log of currently existing wells. No corrections or correlations to core data are made since none

of these wells were cored.

Figure 39 shows the porosity distribution of the east-west cross section. It can be observed that the
porosity digribution is dmogt uniform in eech layer. Thus, it is clear that this mode can not capture the
heterogeneity of the reservoir. Figure 40 presents the porosity at Self-82 to show the comparison of
the estimated value with the field data at a specific wdll. It can be observed that the porosity value from
the model seems to be inconsigtent. It underestimates at the top part of the reservoir (DGI's A, B, and
C), but overestimates at the bottom part of the reservoir (DGI’sE and F).
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Figure 39 — East west porosity cross section — deterministic model
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Permeability Description

The permesbility vaue for each grid block for this mode is etimated usng a linear relationship
assumption between porosity and the logarithm of the permesbility. The only source of data for
permesbility available for this study is from the core measurements of severd old wdls, i.e. Well No.'s
28, 31, 32, 37, 43, and 47. Unfortunately, the core data from these wells are not available for the
whole intervas. Mogtly, they are only from the bottom intervas snce those were the most productive
intervas. This Stuation creates difficulty in generating the correlation. In fact, there is no data available
for DGI-B and only afew pointsfor DGI-A.

Figure 41 shows the permesbility digtribution of the north-south cross section.  As in the porosity
digribution, it can be observed that the ared heterogeneity cannot be captured by this modd.
Obsarving the average vadue for each layer, it is found that the permesbility of DGI A (k-average = 15.6
md) and DGI B (k-average = 15.5 md) is higher than the permegbility of DGI C (k-average = 8.5 md).
Thisisincongagtent with the fild data. The reason for thisis the poor quaity of the data that were used
in generating the porogity-permesbility relationship for these DGI's. The core study of Self-82 indicates
that the porodity for DGI’s A and B is about 12 - 15% with the permesbility in the range of 0.1to 1
md, while the average value from the old core which was used as input data was 17% for porosity and
60 md for permegbility. Overestimated distributions resulted for DGI’'s A and B. Figure 42 presents
the permeability digtribution at Self-82. In generd, the mode predicts a very narrow range of
permeability. It overestimates a the top intervals but underestimates at the bottom intervals. Again, the
heterogeneity of the reservoir is not captured very well.
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Figure 41 — North-south permesbility cross section — deterministic model
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Figure 42 — Permesbility comparison a Salf-82 — deterministic mode

Figure 43 presents the comparison of the permesbility thickness product (kh) between the well test
interpretation and the model. In this figure, any point that lies on the 45° line is a perfect match. Since
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most of the results lie above this ling, it indicates that the modd overestimates the kh vaue when
compared to the well test results. The procedure that was applied in caculating the kh for the modd is

asfollows.

1 A radius of invegtigation is defined as hdf the distance between adjoining wells.

2. The permesbility insde this radius was averaged geometricaly. The geometric average was
caculated only for layers, which are perforated.

3. The kh of the mode then was caculated as the summeation of kh for each of the layers.
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Figure 43 — Permeahility thickness product (kh) comparison — deterministic model

The permesbility of the modd used for comparison with the well test, such as in Figure 43, is the
absolute permesbility whereas in practice the permesbility caculated from the well test is the effective
permesbility. Consdering that most of the field has been flushed with water, especidly at the bottom
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part of the reservoir, and has been produced with 99% water cut, it is reasonable to assume that the
flow in the reservoir is goproximately sngle-phase. Thus, the use of absolute permesbility for this
comparison isjudtifiable.

Flow Smulation

In order to have confidence in predicting the future performance of the reservoir, a reasonable match in
the flow smulation of the past performance has to be achieved. The next task after generating the
reservoir description is to conduct a flow smulation. All of the flow smulations presented in this report
were conducted using ECLIPSE-100 Black Oil Smulator.

The flow smulation was performed to match the past production from November 6, 1906 until January
1, 1994. In this mode, the same number of grid blocks used in the reservoir description is used in the
flow smulation, i.e, 20~ 20"~ 12 =4800 grid blocks. Therefore, no upscaling process required for
thismodd.

In running the flow smulation, at least one parameter should be available as a control parameter. This
parameter could be oil production rate, water production rate, or bottom hole pressure, etc. Using one
control parameter, the other parameters can be used as the match parameters, to which the flow
smulation result is compared. The problem that was encountered in running the Smulation is the limited
information on any of these parameters. Accurate information about the origind oil-water contact was
not known. Thus, it was quite difficult to determine the initid conditions of the reservoir. The
production data were not available for the early times until 1946. The only data that was available was
the first 24 hours production, or the initia potentid, of a few early wells. It was decided to make trid
and error runsin searching for the bottom hole pressure that could produce the initia potentials at those
wells. Figure 44 presents the initid potentid comparison between the smulation and field data using
uniform bottom hole pressure (BHP) at al wells of 400 ps. Except for Wells No. 1 and 16, the match
is consdered reasonable. In order to have a better match for these two wells, a lower BHP value
should be used, but lowering the BHP would affect the other well matches. Thus, it is decided to use
the BHP of 400 ps for the early production time. Usng this vaue as the control parameter, the
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amulation is continued until the reservoir pressure is depleted to this pressure. When this happens a
lower value of bottom hole pressure is used as the control parameter and the smulation resumes. This

processis repeated until the year 1946.
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Figure 44 — Initid potential comparison — deterministic model

The production profile derived from this method is presented in Figure 45. In this figure, the results
from 4 case studies were presented. These case studies were conducted due to the uncertainty of the
relative permesbility data and the initid water saturation. The definition of each case study is presented
inTable 3. From Figure 45, it can be seen that at the beginning, the production is optimigtic, but close
to 1946 the production is low compared to the field data. The flow simulation in the period after 1946
was run using weater production rate as afirst control parameter with aredtriction of a maximum vaue of
oil production rate. These water and oil production rates are the yearly fidld wide data avallable for the
Sdf-unit. It can be observed that the smulated results match the field deta
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Figure 45 — Field ail production rate (FOPR) — deterministic model
Table 3 - Case definition used in flow smulation
Legend Description
Casel Uniform Kr (Glenn Pool Data), Uniform Swi = Swr
Case 2 Uniform Kr (Modified - Glenn Pool Data), Variable Swi
Case 3 Variable Kr (3 zones - Glenn Pool Data), Swi = Swr (3 zones)
Case4 Kr as measured by BDM-Oklahoma (2 zones), Swi = Swr (2 zones)

Figure 46 presents the Origind Oil In Place (OOIP) caculated using this modd. Asacomparison, the
caculated OOIP as reported by Heath is dso presented. The difference that is observed among the

case sudiesis due to the difference in the initia water saturation that was assumed in each case.
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Figure 46 — Origind il in place estimation — deterministic mode!

Figure 47 presents the water cut predicted from the smulation. The field presently produces with a
water cut of 99%. It can be seen that the smulated water cut does not match the field data very well.

This is probably due to the limited information about the oil-water contact as well as the relative
permesbility as suggested by case 2 that gives higher water cut compared to the other cases. In this
case the bottom interval (DGI F) was assumed to be saturated with water at the initial conditions and a
higher water relative permeshility (k,,) was used. Overal information about oil-water contact indicates

that water may present in part of the F zone. However, due to limited information, no aquifer model has
been used.
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Figure 47 — Smulated field water cut — deterministic mode

In order to see the potentid for future use, the oil saturation map had to be analyzed. Figure 48 shows
the il saturation comparison between the smulation and log-derived vaues at Sdlf-82 for each case.
The comparison is reasonable. In genera, the smulation shows an optimigtic result. All cases predicted
high oil saturation at dmogt dl units except unit F. In this unit, cases 2 and 3 predict areaively lower
ol sauration value as observed from the log data. The assumption that the formation is flushed by
water a this interva can be judified. Thus, based on this modd dl the units, except unit F, can be
considered good candidates with future potential.
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Figure 48 — Oil saturation comparison at Saf-82 — deterministic model
Summary

To summarize the findings from this moded, a deterministic modd was developed for the Sdlf-unit usng
avalable log and core data as well as the geologicd interpretation. The overdl results based on the
determinigtic model are optimistic when compared to the field data. The kh vaues from the well tests
are lower than predicted by themodel. In generd, variahility of the properties observed in the field data
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is not preserved when using a deterministic model.  In the next two sections, the comparison of this

mode with the stochastic approach is be presented.

Stochagtic M odd without Tomogr aphy | nfor mation

Geological Smulation

The geologica facies smulation was carried out usng a geostatistica gpproach. The details and some
of the results are dready presented in the previous section and will not be repeated here. To
summarize, the DGI’s were smulated as categorica variables. The description was observed to be
consgtent with geological mapping developed by geologists. The totd number of grid blocks smulated
was equal to 256,000.

Porosity Description

Once the geologicd facies were smulated, the porogty vaues were smulated consstent with underlying
geology. The details are provided in the previous section and will not be repeated here. Figures 49a
and b show the comparison between smulated DGI’ s and observed DGI’ s at two wells which were not
used in smulation. As can be seen from these two figures, the comparison is reasonable. The porosity
from Sdf-82 was not used as conditioning data. Figure 50 compares the smulation results with the
obsarved data Compared to deterministic mode, the stochastic modd captures the reservoir
heterogeneity much better. It o tracksthe variation in porosity better than the deterministic modd.
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Permeability Description

After amulating the porosty vaues, permesgbility vaues were smulated using the relaionship between
log of permesbility and porogty. A conditiona distribution technique was used whereby for given
porosity, permesbility value was sampled from a given class. Figure 51 shows a typica cross section
of smulated permesbility vaues.
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Figure 51 - Permesbility distribution — north-south cross section - DGI model

Figure 52 shows the comparison between simulated permesbility vaues and observed permesbility
vaues a Sdf-82. As can be seen, the permesability heterogeneity is better captured by stochastic model
compared to deterministic moddl.

90



0.01 0.10 1.
1480 '

Permeability, md

00 10.00 100.00

1000.00

1490 +

1500 +

1510 T

1520 +

1530 +
e
a
o 1540 +
Core Data
1550 L Stochastic - Real. 1
——— Stochastic - Real 3.
---- Deterministic
1560 +
1570 +
1580 —

Figure 52 — Permeability comparison at

91

Sdf-82 — sochastic modd



To cross vaidate the result, the permesability-thickness product (kh) vaue from the modd with the well
test iscompared. The comparison isshown in Figures3. Except for Well No. 61, where an anomay
was observed during the test, this figure clearly indicates that the stochastic mode does a good job.
The overestimated prediction of the deterministic model can be observed from the comparison
presented in this figure.
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Figure 53 — Permesability — thickness (kh) comparison — stochastic model
Upscaling of Petrophysical Properties

The reservoir description generated in this mode used 256,000 (40 ©~ 40 ~ 160) grid blocks. This
huge number of grid blocks can not be used in the flow smulaion due to hardware (memory)
limitations. The common number of amulator grid blocks used in the industry isin the range of 15,000 -
30,000 grid blocks.  Unfortunatdly, the facility that was available for this sudy can handle only up to
about 6,400 grid blocks. Thus, an upscaing process of the petrophysica properties is required before
the smulation can be run. To get the total 6,400 grid blocks the configuration isreducedto 20~ 20 °

16. This means that every 4 blocks in the horizonta plane have to become 1 super block, while for the
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vertical direction average, every 10 blocks have to become 1 super block. All together, 40 blocks have

to become 1 super block.

The upscaing of porosty was performed usng a Smple arithmetic average while the permeshility is
upscaed using the combination of arithmetic and harmonic average as follows.

1. Permesability average in either X or Y direction (Kx or Ky).

*The permesbility generated by the smulation was assumed to be the permesbility in the
horizonta direction (Kx= Ky = Ksimulation).

*For blocksin the horizontd plane:

-Two harmonic averages (kh and kh,) were calculated for 2 pair blocks in the direction

of flow, asfollows

_ 2kx, kx,

kh =
d kx, + kx,

-The super block average is cdculated as the arithmetic average of kh and kh,, as

follows

_ . = Kh +kh
x_ky_T

k
-The arithmetic average is used to caculate the average for vertica blocks.
2. Permesbility Averagein Z direction (Kz2)

*Kzisassumed to be some percentage of KXx.

*Harmonic average kh was caculated for blocks in the direction of flow (vertica direction).

*The super block average for Kz is caculated as the arithmetic average of the 4-neighbor
horizonta blocks.
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Flow Smulation

The number of grid blocks to be used for the flow smulation as mentioned in the previous section was
6,400 (20~ 20" 16) blocks. The dimengon of each grid block in the horizonta directions (Dx and
Dy) was chosen to be fixed at 132-ft. Severd cases were run in the beginning of this study using a
uniform szein z direction with Dz = 10-ft. It was observed that the results were not satisfactory.
Thus, it was decided to run the smulation using a variable sze in the vertical direction. This Sze is
determined by observing the significant changes in the formation as given by the well log. The resulted
sgzeisasfollows: 15, 15, 10, 5,5, 5, 5, 5, 5, 5, 5, 10, 10, 20, 20, 20-ft. All of the Smulation results
presented below use this configuration.

The firgt result presented is the comparison of theinitid potentia of the reservoir between the smulation
and thefield dataas shown in Figure 54. The bottom hole pressure used in this mode is not a uniform
vaue as was used in the deterministic model, but rather a variable vaue that is unique for each well.
The result was derived using redization no. 1 of the reservoir description generated. It can be seen that

the match is good.
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Figure 54 — Initid potential comparison — stochastic modd
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Figure 55 presents the field oil production rate for cases 1, 2 and 3. These cases represent use of
different relative permesbility curves. Similar results are observed for other redizations as well.
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Figure 55 — Field ail production rate comparison — stochastic model

Figure 56 shows the results of OOIP and cumulative production at 1946 for different redizations and
the deterministic modd using case 4. The three redizations show a consistent result, even though some
uncertainties can be obsarved. The mean vaue from these redlizations is 11.77 MSTB, which is less
than what is estimated by the deterministic modd. Thus, this result shows thet the deterministic modd is
more optimistic compared to stochastic models.
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Figure 56 — Origind oail in place (FOIP) and cumulative oil production (FOPT) at 1946 comparison —
stochastic and deterministic moddls

Figure 57 shows the fidd water cut predicted by the smulation for different redizations. As in the
deterministic modd, the smulation does not match the fied conditions very wel. The comparison
presented in Figure 57 once again supports the argument about the optimigtic result of the determinigtic
model. Its water cut prediction is much lower (thus, the ail cut is much higher) than the ones that are
predicted by the stochastic modd.

96



09 1

08 T

0.7 1

06 + - - -+ -Stochastic - Real. No. 3]
Stochastic - Real. No. 5

— — — Deterministic

05 1

FWCT

04 1

03 1

02T

0.1 1

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
Years

Figure 57 — Field water cut prediction for stochastic and deterministic models

The comparison of the smulation result with respect to the log data of Saf-82 is presented in Figure
58. From this figure it can observed that the saturation heterogeneity of the reservoir was not redly
captured very well. This may be related to the grid resolution (number of grid blocks and its Sze at a
particular location) thet is very difficult to solve at the present condition.
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Summary

The stochastic model performed avery good job of capturing the reservoir description. It replicated the
geologica architecture very well. It matched the porosity as well as the permesbility deta a wels not
used as conditiond data and performed a reasonable job of matching the historica production

performance.

Stochagtic M odd with Tomography I nformation

Porosity Description

This section presents the integration of the seismic data into reservoir description based on the
sochastic modd presented previoudy. The same geologicd mode was used in this mode but the
porosity smulation contains extra information. Since the permesbility description is related to the
porogty didribution then the permesbility distribution will aso contain extra information.  The term
saigmic in the above statement refers to the tomogram as interpreted from a series of cross well seismic
field test surveys that were performed in the Sdlf-unit between wells no. 82 - 63, 82 - 64, and 82 - 81
in January, 1994. Three tomogram panels were available for this sudy. The inverson of seismic data
into velocity distributions a each pand was discussed in the previous section. The discussion presented
here started from the assumption of known velocity distributions in each tomogram pand.

The use of velocity data in the reservoir description is related to the porosity distribution as given by the
Wyllie Equation where the porosty is linearly rdated to the reciprocad of velocity, which is known as
trandt time. The main advantage of having these data is to get a better spatia relationship (variogram) in
the interwell region, which is missng from the usage of log or core data done. It was expected that the
tomogram data would improve the variogram moded with respect to the range of the modd!.

To superimpose the geology, the data were separated according to the type of the DGI a each
location. In this case, the separation is not a sraightforward process due to the differences in the grid
block configuration. The velocity distribution had poor vertica resolution but better horizontal resolution
compared to the smulated geologicad modd. Horizontdly, the changes of geology are known for every
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66-ft whereas the changes of veocity are known for every 13-ft. Since the smulation of porosty
follows the grid block configuration of the geologicd model, it was decided to take the average of 5
velocity data values before the converson is done. On the other hand, in the verticd direction the
geology is known on a one-foot interva whereas the velocity is only known for every 12-ft. For this

case, No averaging processis required.

Figures 58 presents the porodty distribution a each tomogram panels after gpplying the correlation
between porosity and trangt time. It is assumed that the trangit time and porosity are correlated using
linear relationship. It can be observed that the layer of highest porosity occurs a the middle of the
formation (DGI D). This result does not match with the observed field data where porosity increases
with depth. There are two reasons that can be suggested for this result. The first one is related to the
velocity digribution itsdf. The velocity distribution indicates that a layer of low velocity (high porosity)
exigsin the middle of the Glenn sand. The other reason may be that the corrdation used in transforming
the velocity into the porosity is not accurate. In spite of this concern, we decided to use this distribution

snce we wanted to preserve the information in the origina form as much as possible.
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Figure 58 - Porosity digtribution at tomogram panels after gpplying the corrdations
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The variograms for each DGI generated using the porogity digribution in each pand are shown in
Figure59. The separation of porogity of DGI’s B and D from the other DGI’s is due to the difference
in the dll value in each DGI. It can be observed that in dl DGI’s the variogram of the conditiona data
can be represented by the sphericd mode. This observation is consstent with the assumed spherical
mode in the previous section where only limited data were used.
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Figure 59b — Horizonta porosity variogram of the tomogram data (DGI’s B and D)

The second observation that can be drawn from the variograms generated is related to the range
parameter. It can be observed that the range of the porogity spatid relationship is at least the distance
between two wdlls, i.e., dout 300-ft. Thus, the assumption of usng arange equd to the distance of the
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closest well pair can dso be judtified. This assumption was used for DGI’s B, E and F. The porosity
variogram for DGI's A, C, D was modeed previoudy using soft geologicd information where the range
is assumed to be a number that is greater than the distance between the wells and is related to length of
the channd-fill in each DGI. Thus, this assumption can dso be judtified.

The smulation of the porosity distribution was conducted using the same method as discussed before.
The only difference between this didribution and the previous one is in the conditioning data The

variogram models are the same since the assumptions used previoudy are justified.

The comparison of the porogity at Self-82 is presented in Figure 60. In genera the match of porosity
a Sdf-82 from this model can be consdered good except in the zone of DGI D where two peaks
occur. This discrepancy may be due to the high velocity region in the D zone found from the velocity
digtribution.
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Figure 60 — Porosity comparison at Self-82
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Permeability Description

Following the same method used previoudy, the permegbility distribution was generated using the
conditiond distribution method where it is calculated using the digtribution function of the permeshiility in

agiven porosty class.

The comparison of the permesbility a Sdaf-82 is presented in Figure 61. This figure shows that the
mode with tomogram data performed a better job than the modd without the tomogram data.  This
statement can be verified by observing the top and bottom zones. In the top zone, the previous model
(no tomogram) tends to give a higher value whereas the present model (with tomogram data) remainsin
therange 0.1to 1 md. The core data show avery low value. At the bottom interva, the present model
follows the core data consstently whereas the previous modd predicted a layer with a lower

permesability vadue. At the middle of the formation, both models give the same result.
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Figure 61 — Permeability comparison at Self-82
The vdidation of the permesability digtribution generated using this modd is done by comparing the

product of permeability and thickness (kh) as was done for each model. This comparison is presented

in Figure 62. This figure clearly indicates that the tomogram modd performs an excdlent job. The
matches are good for al wellsincluding the result of well No. 61 wherea kh value of 1,530 md-ft was
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cdculated from the well test and the modd predicted 1,405 md-ft. Thisfigure isan important illustration
of the principle that addition of different information reduces uncertainty in the reservoir description.
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Figure 62 — Permeability — thickness (kh) product comparison —al models
Flow Smulation

Figure 63 presents the field ail production rate predicted by the smulation. For the early period, the
tomogram model shows a dightly higher production rate compared to the non-tomogram modd. The
higher production rate for the same relative permesbility curve may be due to the higher initid ail in
place, which means a higher pore volume generated from the reservoir description. To see if thisisthe
case, Figure 64 compares the origind oil in place caculated usng severd models. It can be seen that
the tomogram modd estimated the most optimistic origind ail in place.
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Figure 65 compares the field water cut predicted using this modd with respect to the other models. It
can be seen that the two stochastic models give about the same prediction of water cut during the life of
the reservoir even though it does not match very well with the field data The deterministic mode
remains the optimistic model since it predicts the lowest water cut while the field was operated with a

very high water cut.
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Figure 65 — Comparison of field water cut —al models

Finally, the comparison between the smulated and the measured oil saturation at Self-82 is presented in
Figure66. Asitisshown in thisfigure, there is no sgnificant difference among the modes with respect
to the oil saturation at S&lf-82. The three modds do not follow very well the heterogeneity of the ol
saturation profile. Thisis mainly due to the resolution of the grid blocks configuration.
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Figure 66 — Comparison of oil saturation at Saf-82 —dl models
Summary

To summarize the findings in this modd, the tomogram data could be incorporated into the reservoir
description through velocity porosty transformations. The main use of the tomogram data in this modd
was to estimate the variogram models used in the previous modd. It was found that the spherical model
was adequate for the modeling purposes and the range of the porosity variogram was not less than the
distance between two wells. In generd, the results were in good agreement with the other stochastic
model except for the permeability distribution where the mode with tomogram data performed a much
better job. Especialy, the dynamic reproduction of the well test permeability data was much improved
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after incorporating the tomogram data.  This indicates that additiona information can improve the

reservoir description.

Reservoir M anagement

The overdl god of the study is to improve the secondary recovery performance through the use of a
better reservoir description and better reservoir management. This section presents the analysis that led
to the reservoir management plan of the Sdf-unit for future production. The andyss garted with the
discussion of the future production forecast using three different scenarios for three reservoir description
models discussed in the previous sections, i.e, the deterministic mode, the stochastic-modd without
tomography information, and the stochastic mode with tomography information. The three scenarios

are

1. Drilling no additiond wells.
2. Drilling a horizonta well.
3. Drilling new vertica production wells.

Each scenario was related to the well completion and the water injection rate. To cover severd
possihilities of this configuration, severa sub-scenarios were defined within each scenario. The flow
gmulation was run for each sub-scenario until the year 2000 and the increase of production (if any) was
compared with the base case which isthe smulation with current field conditions (based on 1993 data).

Following the flow smulation, an economic anadyss was performed for severa sdected sub-scenarios
that would give the best increase of production. The anadyss was based on the data provided by
Uplands Resources, Inc. Conservative estimates are used for the cost of production to avoid over
optimigtic forecasts of the profits. The best scenario was determined by the rate of return and the
payout time as criteria based on a constant oil price at the current level of $17.00 per barrdl.

Future Production Forecast

The definition of each sub-scenario (presented in Table 4) was determined based on the following two
reasons. the Sdlf-unit was completed very well a the middle to the bottom interval (DGI’s D and E),
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and it was feagble to increase the injection rate. Since the deterministic modd predicted relatively high
permesability and high oil saturation in DGI’s A and B then these two DGI’s cannot be ignored for this
model. Thus, for the deterministic model the future forecast also include DGI’s A and B in addition to
DGI's D and E whereas for the stochagtic model only DGI's D and E are to be considered for
recompletion. The excluson of DGI C is due to the raively low permeability (in both models) and the
fact that it has been opened within most of the Unit. The DGI F was excluded from any sub-scenario
snce it has been flushed by water as observed on the flow smulation runs.
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Table 4 — Definition of sub-scenario used in future production forecast
Name Description
Scenario - 1A Open well 82 as producer
Convert well 81 as producer
Scenario - 1B Reopen DGI's* at al wells
Base Injection rate
Scenario - 1C Current perforation
Doubleinjection rate
Scenario - 1D Reopen DGI’s* at al wells
Doubleinjection rate
Scenario - 1E Reopen DGI’s* at all wells
Tripleinjection rate
Scenario - 2A Horizontal injection well with injection rate of 1000 BWPD,
Reopen DGI’s*, double rate at old wells
Scenario - 2B Horizontal injection well with injection rate of 2000 BWPD,
Reopen DGI’s*, double rate at old wells
Scenario - 2C Horizontal injection well with injection rate of 3000 BWPD,
Reopen DGI’s*, doublerate at old wells
Scenario - 2D Horizontal injection well with injection rate of 3000 BWPD,
Reopen DGI’s*, base rate at old wells
Scenario - 2E Horizontal producer well
Reopen DGI’ s*, base rate at old wells
Scenario - 3A 4 new vertical wells (producer)
Baserate at old wells
Scenario - 3B 4 new vertical wells (producer)
Doublerate at old wells

*Reopen DGI’s means: Reopen DGI’sA, B, D, and E for deterministic model and DGI’s D and E for stochastic

model

The possbility of increasing the injection rate was based on the data from 1992 and 1993 where the
production increased 38% (from 21 BOPD to 29 BOPD) when the field was flooded with a 125%
higher injection rate. This fact suggested that the field responded to an increase in the amount of water
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injected. We expect that, in the future, by increasing the water injection rate, we can increase the oll
production.

Scenario 1:  Drilling No Additional Wells/ Current Field Configuration

From Table 4, there are 5 sub-scenarios defined for scenario 1, i.e., scenario 1A through 1E. For each
of these sub-scenarios, the results of the 4 case sudies (defined in Table 3) of the stochastic model
without the tomogram data are presented. For the purpose of comparison and aso to evauate the
uncertainty of the result, case 4 is run using scenario 1D for other models, i.e., determinigtic, stochastic
description without tomogram for 3 redizations, and stochastic description with tomogram data. The
result is presented at the end of this section.

Figures 67-71 present the result of scenario 1A through 1E respectively. The result of scenario 1A
shows that there will be no increase of production if this scenario is applied in the Unit. Thus this
scenario can be ignored. Figure 63.B shows that the range of additiona oil production that can be
expected by implementing scenario 1B is between 10 to 16 barrels of il per day. In this scenario, case
4 shows dmost a steady performance whereas the other cases seem to decline faster. In scenario 1C
the firgt three cases predicted dmost the same result, but case 4 is very pessmigtic. A contrasting
performance can be observed by comparing the result of case 4 between scenarios 1B and 1C. This
result indicates that case 4 is more sendtive to the opening of new intervas (scenario 1B) than to

increasing the injection rate (scenario 1C).
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ADDITIONAL OIL PRODUCTION, STBD

ADDITIONAL OIL PRODUCTION, STBD
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Figure 67 - Increase of oil production using scenario 1A
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Figure 68 - Increase of oil production using scenario 1B
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Figure 70 - Increase of oil production using scenario 1D
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Figure 71 - Increase of oil production using scenario 1E

The result of scenario 1D, which is the combination of scenarios 1B and 1C, shows the combined effect
of the previous two scenarios. It can be seen that more additiona production can be expected from this
scenario.  Thus, by smultaneoudy opening DGI's D and E and increasing the injection rate, a better
result will be achieved. Scenario 1E shows the effect of higher injection rate. Intuitively, the result
should be better and thisis proved from Figure 71. Overal, it was concluded that significant increase of
oil production can be obtained if the formation is reopened & DGI’s D and E and smultaneoudy the
water injection rate is increased.

The comparison of the smulated future production for different models using scenario 1D - cae 4 is
presented in Figure 72. There are two important points that can be concluded from this figure. First,
the stochastic modd demondtrates its cgpability of giving an estimation of the uncertainty (for a given set
of information) of the future production wheress the deterministic modd predicts only one value. The
increase of oil production from the stochastic model ranges from 18 - 21 barrels of oil per day in 1995
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whereas from the deterministic mode this vaue is 21 barrels of il per day. Secondly, the deterministic
model is more optimidtic. It can be seen that a any time in future the deterministic mode dways
provides a higher prediction.
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Figure 72 — Comparison of additiond oil production —al models
Scenario 2: Drilling Horizontal Well

The purpose of this scenario was to explore the feashility of drilling a horizontd well in the Sdf-unit.
This prediction is very critica since the cost of drilling a horizontal well is very high (cost ~ $400,000).
We investigated the effect of three sub-scenarios as defined in Table 5. The first one is rdlated to the
amount of injection rate ether in the horizonta well or a other wells if this horizontal well is to be used
astheinjector. The second oneis to see the effect of re-completing other old wells. The last oneisto

see whether the horizontal well should be an injector or producer.

The horizonta well investigated in this sudy is located in the vicinity of the Sdf-82. The smulation has
been run for 3 different ared locations and 6 different vertica positions, but no sgnificant difference in
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the reaults is observed. Figures 73-77 present the results of scenario 2A through 2E respectively.
Figures 73-75 show the effect of injection rate in the horizontal well on the production performance. It
can be observed that only a dight increase of additiona production can be obtained. Figure 76 shows
the effect of injection rate at the old wdlls. It can be observed that the result of case 4 dmost remains
the same. Thisresult is aso observed in scenario 1, where case 4 is more sengtive to reopening DGI’s
than increaaing the injection rate. In addition, this result dso shows the importance of opening DGI’'s
smultaneoudy with increasing the injection rate. Findly, Figure 77 shows that an injector horizontal well
is preferable to a producer horizonta well.

50
CASE 1
40 T
——— CASE2
Scenario : 2A
—-—-CASE3 HORIZONTAL WELL WITH INJECTION RATE 1000 BWPD
g DOUBLE RATE AT OLD INJECTION WELLS
CASE 4
= RE-OPEN DGI D&E
9 30+
z --*"-BASE
o N
= \\\
) NN
8 N
o N
x X.
o 20 T SN
- SO
= NS
°
< —
z =
o ~ -
= 1 Sy —
5 10 S
a SRSl e
2 -
0
-10
1994 1995 1996 1997 1998 1999 2000 2001
YEAR

Figure 73 - Increase of oil production using scenario 2A
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Figure 75 - Increase of oil production using scenario 2C
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Figure 76 - Increase of oil production using scenario 2D
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Figure 77 - Increase of oil production usng scenario 2E

Overdl, excluding scenarios 2D and 2E, the additiond oil production from this scenario ranges between
21 - 41 BOPD whereas the range for the first scenario is 16 - 39 BOPD. It was evident that drilling
horizonta well does not provide sgnificantly better performance compared to the first scenario.
Intuitively, this additiond oil production would not have been able to cover the cost of drilling a
horizonta wdll at the exiging levd of ail price.

Scenario 3:  Drilling New Vertical Production Wells

An additiond 4 vertical wells were used in this Smulation. The locations were determined based on the
oil saturation map and aso by conddering the vacant space that exigts in the Sdf-unit. Figures 78-79
show the smulation for this scenario. The conclusion about the importance of increasing injection rate
as found from the previous scenarios could aso be observed from this scenario by comparing the results
of scenarios 3A and 3B. From Figure 78 it can be observed that the overall additiona oil production

using this scenario is about the same as for the previous scenarios, which ranges from 18 to 37 BOPD.
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Thus, there is no ggnificant increase in ail production after implementing this scenario. Comparing the
results of the three scenarios, it was concluded that the best dternative from an economic standpoint is

scenario 1 since there are no drilling costs associated with this scenario.
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Figure 78 — Increase of ail production using scenario 3A
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Figure 79 — Increase of ail production usng scenario 3B
Economic Analysis

As mentioned previoudy, the criteria used in the economic andyss are the rate of return and the pay out
time. These parameters were caculated using the first scenario (except scenario 1A) which was found
to be the only scenario that is feasible for the Sdf-unit. Before this cdculation is performed, the
smulations were rerun for another 4 years so that a 10-year projection can be made. The revenue was
caculated using the congtant oil price of $17.00 per barre. The capitd and operating costs were
provided by Uplands Resources, Inc. The capita cost includes the cost to improve the water injection
system that is cgpable of doubling or tripling the injection rate and the cost that is related to opening new
intervas (perforation, stimulation, etc.). The fixed cost to improve the water injection sysem is
$87,495, whereas the cost to reperforate DGI's D and E is predicted as $61,600. The fixed cost
provided is applicable to tripling the injection rate.
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The operating cost is mainly due to chemica trestment of water, eectricd, and maintenance costs. This
cost varies sgnificantly for the Sdf-unit. It ranged between $6 per bbl of oil to $9 per barrd of ail
during 1993-1994. The vaue of $9.50 per barrd of the produced oil is considered to be a
conservative estimate under current conditions.  In this study, this value is used for the condition where
no increase of injection rate is gpplied (scenario 1B). For the scenario where the injection rate is to be
doubled (scenario 1C and 1D), the operating cost of $10.50 per barrel of produced oil is used. For
scenario 1E (tripled injection rate) the operating cost is assumed as $11.50 per barrel of produced oil.

Figure 80 presents the different rates of return (ROR) estimated for the 4 case studies using 4 different
scenarios (1B through 1E). The ROR shown in Figure 80 is the rate of return for the period where the
production is Hill profitable (non-negative cash flow). Figure 81 presents the result of pay out time
predictions for the cases investigated.
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Figure 80 — Rate of return estimation for different case study stochastic model without tomography
information
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Figure 81 — Pay out time estimation for different cases stochastic model without tomography information

SCENARIO

As Figure 80 indicates, the highest ROR isindicated from scenario 1B. Thisis mainly due to the lowest
capitd codts (equa to the cost of reopening DGI’s D and E only). But the uncertainty among the four
casss in this scenario was ggnificant.  To further examine the effect of the operating cog, a sengtivity
study was conducted by increasing the operating cost by $1.00, so thet it becomes $10.50 / $11.50 /
$12.50 for no increase in injection rate, double injection rate, and triple injection rate respectively. The
result isshown in Figure 82. It can be seen that scenario 1B is not very stable (negative ROR for case
2 and 3) and very senditive to the operating cost. Figure 83 presents the effect of ail price on the ROR
prediction. It can be seen that in order for this scenario to work the oil price can not be lower than
$15.00 per barrel.
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Figure 82 - Rate of return estimation for higher operating cost - DGl model
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Figure 83 - The effect of ail price - scenario 1D - DGl modd

Figure 84 presents the comparison of the ROR and pay out time estimated from the different models
using scenario 1D of case 4. This figure shows one of the advantages of the stochastic modd whereby
it provides the estimation of uncertainty. In this case, the predicted ROR ranges from 10 to 22 percent
and the pay out time varies between varies 4 to 6 years, whereas the deterministic modd predicted one
sngle vaue of 31% for ROR and 3 years for pay out time. Thisfigure dso confirms the optimistic nature
of the deterministic mode!.
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Summary

The flow smulation to forecast the future production was conducted. 1t was found that the additiond oil
production that can be expected from the Sdlf-unit is in the range of 16 - 41 barrels per day depending
on the specific scenario gpplied to the unit. The drilling of any extra wdls, either one horizonta well or
severd vertical wdls, was not feasble for the Sdf-unit at the current leve of oil price since the incresse
of oil production can not judify the cost that was required to drill those wells. The scenario of
reopening DGI's D and E and smultaneoudly increasing the injection rate was found to be the most
feasible. The economic andysis was done for this scenario. A rate of return in the range of 10 - 25%

was expected by applying this scenario.  The deterministic modd consistently predicted optimistic

results compared to the stochastic mode!.
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I mplementation of Reservoir Management Plan

Based on the sengtivity analys's, we decided to implement our reservoir management plan. The details
are discussed below.

Recommendations

Our evaluation of the reservoir and production data indicated that the DGI’s A and B probably contain
immovable oil, DGI F (lower unit) has dready been flooded, and DGI’s C, D and E had the most
potentia in terms of additiond recovery. DGI C is dready open in mogt of the exigting wells. This left
uswith two possible DGI’ s for further exploitation, DGI’s D and E. We aso noticed that an increase in
the injection rate had resulted in an increase in the ail rate in the past. Based on the well configuration,
the injection wells are capable of taking alot more water without any modifications.

Based on our understanding of the reservoir, we conddered several drategies to improve the
performance of the unit. These included: i) re-perforating sdected intervas and gimulating them; i)
increesng the injection rate; iii) drilling a horizonta injection well; and iv) drilling additiond verticd wels.
We dso considered combinations of these dternatives. Assuming an ail price of $17/bbl over the life of
the project, we determined that the best aternative is to re-perforate some of the intervals and double
the injection rate. Drilling of a horizontal injection well may have resulted in higher production rates,
however, the cost of the horizontd well did not justify the additiond production. Drilling of additiond
vertica wdls did not result in any sgnificant increase in production.  The results of recompletion are
dready presented in the previous section. To repeet, our prediction was incrementa oil recovery
between 18 to 21 barrels per day without any increase in water injection. 1f we would increase the
water injection rate, the predicted range was between 18 to 32 barrels per day.

Fidd I mplementation - Problems and Solutions

Upon identification of the additiona intervas to be perforated in each of the 28 wells on the Sdf-unit, a
prognos's was developed for up-szing the water injection station, and re-completing each of the wells.

Severd concerns were considered with regard to recompletions. These included the current integrity of
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casang, condition of the injection well packers and tubing, and the actud increase of fluid volumes that
would come from the producing wells after completion. Five producers and two injectors were
selected for initid recompletion so that the operator can test the recompletion methodology and obtain
actua production data to evaluate the economic viability of the project in stages. This aso ensured that

the lease continued to produce without undue loss of production.

The geps involved in recompletion are: i) pull dl the equipment out of casing; ii) run the bit and scraper
to cleen casing; iii) re-perforate the desired intervals as indicated by the smulation results; iv) acidize
both new and old perforations, and v) test wells. No substantia problems were encountered through
the perforation process. However, acidization took longer than expected. The breakdown took longer
because the formation needed to be pre-soaked with acid before acidizing. The pre-soaking helped
reduce the time required for acidizing. Through alearning experience, the costs of recompletion for the
lagt two wdls were less than the AFE. The up Szing of the water plant was done without significant

deviation from the congtruction plan.

All wels were initidly swabbed back to recover the spent acid and flush, and the producers were swab
tested. It became apparent that the fluid volumes being produced were substantialy greater than
expected. To measure the maximum possible rates, variable speed submersible pump was used. Both
the volume and the ail cuts were monitored for three weeks for each well. The initid production from
the wells was essentidly dl water. However, as the time progressed, the oil cut from the well increased
gradudly. At present, the oil cut varies between 1 to 1.5%. This was an improvement over previous
observations.

Results

Based on the implementation of the reservoir management plan, we observed an increase in the all
production. As can be seenin Figure 85, the ail production increased from initid vaue of 17 to 18
barrels per day to about 42 barrels per day. This increase of about 24 barrels per day was consstent
with our origind modd observation. In addition to recompleting the wells, we aso increased the
injection rate. Currently (1999), the unit is producing about 28 barrels per day. Thisis an increment of
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10 barrds per day. Thisisadso consstent with our prediction (see Figure 70). Currently, only make-up
water isinjected. This changeis due to asgnificant reduction in oil price.
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Figure 85 — Reaults of fidd implementation

Economic Evaluation

One of the important gods of this project was to investigate the economic feasibility of the implemented
drategies. For an effective transfer of technology, it is critical that the technology be cost effective.

By assuming that the production will decline at 6% per year, we estimated the range of additiond oil that
can be recovered from the unit in the next 15 years. This amount ranged between 200,000 barrels to
250,000 barrds. The anticipated cost of this project is gpproximately $1.2 million. This trandatesinto
finding cost per barrd of $4.80 to $6. This number may be unatractive. However, we can adso
cdculate the finding cost based on the knowledge gained in this project. Some technologies in this
project were ether proven to be ineffective or margind. If we assume the same field costs and further
assume that atypica consultant in the oil patch can apply the methodology proposed in this project, the
overdl cost of the project will be in the range of $500,000 to $600,000. This trandates into finding
cost of $2 to $3 per barrd. Thisis significantly less than the present acquisition cost used in the market.
This reduction in the cogt, dthough dramatic, is not unredligtic. For example, the cost associated with
cross borehole seismic data acquisition and andysis was $250,000. The cogt of drilling a new well and
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acquiring the modern suite of logs was $120,000. Additiona costs associated with the administration of
the project as well astechnology transfer costs can be paired down substantialy as well.

It is dso worth remembering that the Glenn Poal field is one of the oldest fields in the United States.
Mog of the fidds are much younger than this fidd. If we can apply better reservoir management
techniques to improve the performance of this field in an economicaly viable manner, we sure will be

able to do the same for other fields, which are much younger.
Evaluation of Various Technologies

In this budget period, we used several modern technologies. In this section, we briefly describe the
technologies and their vaue to the project.

I ntegr ated Approach

We made a concerted effort to integrate information from various sources to better understand the
reservoir. Geophysical, geological, and engineering data were used to better describe the reservoir
properties. In addition to interdisciplinary nature of the project, this project dso involved active
participation from government, the university, a smdl oil company and a mgor oil company. The
biggest benefit of working together among such a diverse group of people is underganding and
appreciating each other's language and perspective on the issues a hand. Communication between
different disciplines helped us better understand what each discipline consders to be an important part
of the reservoir description. We tried to create a good baance between the form of the reservoir
(architecture) and the function of the reservoir (production performance). Interaction among various
entities during the project made us aware of each other’s priorities and each other’s objectives.
Although the objectives of each organization did not aways coincide, we learned to appreciate and
respect each other’ s objectives. This helped usin proceeding in the project in an optima way.

Cross Bor ehole Tomogr aphy

Cross borehole tomography is a method by which an interwell image of reservoir characteridtics is

congtructed by using an acoustic source in one well and receivers in another well. We conducted three
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such surveys with the help of Amoco Production Company and Conoco. The surveys were conducted
between well pairs 82-63, 82-64 and 82-81. The collected data were processed by Amoco, using
public domain software and by Memorid University in Newfoundland, Canada. In addition, data were
aso provided to a group of scientists from Imperia College. Depending on the assumptions involved in
the software, the results obtained from the three methods were sgnificantly different. The results arein
the form of sonic velocity digtribution across the well pair. We used this information by relating the
velocity to the porosity and the facies at the wdl location. The use of these data dightly improved our
ressrvoir description.  Because of the high cost of acquidtion and sgnificant uncertainty in the

interpretation, the use of cross borehole data was limited.

Formation Micro-Resistivity Borehole | maging

We used this tool in the newly drilled SAf-82.  Along with the resdtivity imaging, we aso cored the
desred interva. Formation micro-resigtivity imaging tool produces a high-resolution resigtivity of the
wellbore. Andyds of the image provides spatid orientation of architecturd dementsin the vicinity of the
wellbore. By combining the information from the core data and the imaging tool, we were gble to
decribe the geological heterogeneties a higher resolution level than otherwise possble with
conventional well logs. Unfortunatdly, we were not able to use this detaled information in an effective
way in flow gamulaions due to computer memory limitations. For a maure, shdlow, ail fidd with
margind oil production, the detailled knowledge of geologica structure may not be important in
predicting unswept reservoir and preferential flow paths The cost benefit analyss of usng micro
resdivity log versus taking an oriented core needs to be evauated further before reaching the find
concluson on the utility of these type of logs  The prdiminary analyss indicates that micro-imaging log
may not be very vauable in terms of adding incrementd vaue compared to taking a core sample.

Discrete Genetic Interval (DGI) Evaluation

Using the data collected from al the wells, we were able to condruct a detailed description of
geologicdly didinct units deposted during a limited time intervd.  This information was extremdy
vauable in understanding the vertical as well as ared heterogeneties.  Previoudy, Glenn sand was
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divided into three basic units - upper, middle, and lower. With the help of DGI gpproach, we were able
to divide the sand in Sx geologica units. This detailed geologica description helped usin flow smulation

aswell asin our overal reservoir management planning.
Geodtatistics

Geodatigtics is a procedure by which interwel properties are described usng dl the avaladle
information. Geodatistics assumes that the reservoir properties are spatidly corrdated, and this
correaion can be quantified by a method caled variogram andysis. Geodatigtics further dlows us to
quantify uncertainties in describing these properties. Using geodtatistics as a tool, we were able to
describe the spatid reationships for geological facies as wdl as the petrophysical properties. By usng
the relationship between the seismic velocity and the porosity, we were able to use the cross borehole
data to improve the spatid relationship for porosty a interwel distances. Using a geodatistical
technique cdled conditiond smulation; we generated geologicd faciesimage. The comparison between
the smulated image and the geologist’s view of the reservoir indicated good results. This provided us
the confidence that the architecture of the reservoir is preserved. Using the geologica description as a
darting point, aternate images of the petrophysica properties (permesbility and porosty) are
congructed by further integrating engineering and geophysica information. Overdl, geodatistics was a

vauable tool in congtructing redistic reservoir descriptions.

Flow Smulation

Once the resarvoir description was congructed, we used the ECLIPSE commercid smulator to
smulate the reservoir performance. We used both the determinigtic (conventiond, “layer-cake’) as well
as geodatigtical reservoir descriptions for smulation purposes. Typicaly, the number of grid blocks in
the smulator is less than the number of grid blocks in geodtatisticd smulation. As a result, gppropriate
up scaling procedure is used to scae the petrophysica properties suitable for smulation purposes.
Since the performance data from individud wells were not available, we could only maich overal unit

peformance. After matching the historica oil production performance, we projected the future oil
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production performance under various scenarios to understand the benefits and the drawbacks of

various dternatives.

With increasing speed of computers, flow smulation technology is becoming increasingly viable for smdll
operators. Fidd smulations can be conducted on persona computers without much difficulty. We
believe that flow smulation will be an integra part of future reservoir evauation procedures.
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BUDGET PERIOD |1
Introduction

In the second budget period, we extended our efforts to other parts of the Glenn Poal field (see Figure
1). This part of the Glenn Poal field was aso operated by Uplands Resources. The main idea behind
the second budget period was to gpply conventiona technology to develop reservoir management plan.
Unlike the firs budget period, where modern technologies such as micro-restivity logs and cross
borehole tomography data were collected, in the second budget period, the analysis relied on more
conventional data. Any use of modern technology was restricted to the analysis and interpretation of the
data.

Data Collection

During the second budget period of the project, we intended to concentrate on tract 7 and surrounding
aress. Tract 7, another 160-acre unit in southern Glenn Pool field, is located about 1 mile north of the
Sdf-unit. The emphass of second budget period is to use conventiond technology and knowledge
ganed from advanced technology in budget period one (FMI, crosswel tomogrephy etc.) in
developing an effective reservoir management plan.

Study of tract 7 and adjacent area involved data compilation, well log corrdation of DGI's, and facies
architecture recongtruction. For a better and more complete description of tract 7, its adjacent areas
including tract 6, tract 10, tract 12, tract 13, tract 11, part of tract 3, tract 4, tract 33, and Corbray unit
are included into the mapping area (Figur e 86), with tota area about 1.6 square miles.  Subsequently,
the area of coverage was expanded to include additiona areas in the southern part of the Glenn Pool
field including tract 9 and Chevron miceller-polymer unit which is directly north of tract 9, and is directly
west of tract 6. See Figure 87. Figure 87 shows the area of concentration, whereas, Figure 88
shows the areas from where additiond log and core data were collected. In addition to the existing
logs, Sx new Gamma Ray logs were acquired to compliment the existing data. Five of them are in the
tract 7 unit (well numbers: 7-97, 7-99, 7-100, 7-103, and 7-107), and the other one (11-82) isin the
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tract 11 unit. There is a suspicion that upper part of the Bartlesville sandstone in tract 7 area may
contain a gas cap. Thus cased-hole neutron logging (TDT) was adso performed for three wells (well
numbers. 7-97, 7-103, 7-107). These TDT logs do not show any evidence of gas.

In addition to the data available from Uplands Resources, Inc. data were aso collected from Hyperion
Oil Company's office. Data from 23 cores (which includes oil saturation information), well logs and
many other materias regarding the micellar-polymer project were collected.
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Figure 88 - Expanded coverage of core and log data

Data compilation included collecting dl logs and core data avallable in the office of Uplands Resources
and Oklahoma Wdl Log Library and congtructing the well location map (Figure 88 and 89).
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Tract 7 includes 36 wells which have some sort of data available to use: 14 wells were logged (8 open-

hole logs and 6 cased-hole logs) but not cored; 9 wells were both cored and logged (8 cased-hole logs
and 1 open-hole log); and 13 wells were cored but not logged.
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In areas adjacent to tract 7, information from 80 wells were collected and used for the study. Of these
80 wells, 9 wdlls were both logged and cored (in some intervass), 18 wells were cored but not logged,
and the remaining 53 wdls have log data only. In tota, core and/or log data from 116 wells were
collected and used for the mapping area.  Unfortunately, the 23 wells with logs in tract 7 are not
uniformly digtributed across the unit but mainly concentrated adong the edge of the unit (Figure 89),
cores of this unit are from the lowest part (DGl F & G) of the Glenn sand only. In addition, al cores
within tract 7 have been physicaly missng and are likely not to be found.

In addition to the area of concentration, additional core and log data were collected within a 25-sgaure
mile area (see Figure 88). This covers Glenn Pool acreage of severd independent oil companies,
including Uplands Resources, Producers, EL S, Hyperion, Reddy and part of Baznest.

320 logs were available in the public domain within the areg; 280 of them cover the whole Bartlesville
interval. Corrdation was completed to the DGI leve for dl these logs, with reference to the Pink lime,
Inola lime, and Brown lime markers. Six cross sections, showing the interva from the Pink lime to the

Brown lime, were constructed (see Figure 88 for cross section locations, designated as A-A' to F-F”).
Geological Analysis

The geologica andyss concentrated on developing DGI rdationships for the expanded area. We
dated with well log corrdaion. Wdl log corrdation ams a investigating the drata reationship
between Sdlf-unit and tract 7. Detailed correlation at alevel of individua DGI’ s was performed and Six
Cross sections were condtructed, three of them are in north-south direction connecting the Self-unit and
tract 7 (Figure 86). Corrdation results show that the Glenn sand interva thickens from Sdlf-unit to tract
7 (160t to about 200-ft). In Sdf-unit, sx DGI’'s (DGI A to F) are recognized, but seven DGI’s (DGI
Ato G)intract 11 and eight DGI’s (DGI A to H) in north-centra part of tract 7 are recognized. DGI G
and H are equivaent to the lower Glenn sand of Kuykendall and Matson.! Thus, the lower Glenn sand
(DGI G and H) is absent in Sdf-unit, and DGI H is absent in tract 11. Figure 90 shows schemétically
the Strata relationship from Sdf-unit to tract 7.
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Figure 90 — A sketch map showing the generd gratd relationship from Sdlf-unit to tract 7 (figure not
drawn to scale; thickness variation of each DGI is not shown)
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Based on the correation results, tables of sandstone depth intervas for each DGI a each wdll used
were developed, which served as an important database for further mapping and reservoir smulation.

One important aspect of the tract 7 study had focused on the revision of sand isopach and facies maps
congructed for each DGI in the area (1.6 square miles). This revision was deemed necessary after the
acquistion of additiond wel data Also ingghts into the reservoir architecture of the Bartlesville
sandstone gained from outcrop studies benefited this revison greatly. In this verson of the facies
architecture recongtruction, the Bartlesville sandstone (especidly intervals DGI A-C) is less layer-caked
than earlier believed. It was observed that a thick and blocky sandstone, if it exidts, is within the top
part of the Bartlesville sandstone. It is more likely to be placed into one DGI rather than divided into
more multiple DGI’s.  This resulted in the interpretation that sandstones of DGI A to C are more
channelized than described in the earlier interpretation.

Also the outcrop study resulted in a new facies interpretation for the DGI F sandstone (about 40-50 ft
thick). DGI F was interpreted as channel mouth bar deposits based on the Self-82 core characteristics
and persstent blocky log shapes. Similar rocks have been observed in the lower part of Bartlesville
sandgtone outcrops in the Eufaula Dam area. These "massive” thick sandstones may laterdly trangtion
to crossdratified and/or parale-bedded thick sandstone. They are highly channdized, showing
unidirectiond paeoflow; vary gredly in thickness according to their podtion relaive to the channd
thalwegs, and are made of many small individual channels which are stacked together and cut each other
horizontally and verticaly, resulting in awidespread distribution.

Thus, while the facies interpretation of DGI A to E was kept unchanged, DGI F was re-interpreted as
braided-stream deposits. Facies interpretation for DGl G was undertaken on the only available core
from Crow 9-43, which is on the property of Gemini Oil Company. Observation of this core indicated
that the DGI G sandgtone is analogous to the DGI F sandstone, except that the DGI G is often more
shaly than the DGI F because of a higher rip-up class content.

As has been done for the Sdf-unit study, severd maps showing the shde thickness between DGI’s
were congructed for investigating the vertical separation of the reservoirs. As an example, Figure 91
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shows the shde thickness between DGI D and E. Generdly speaking, Bartlesville sandstone has a good
vertica separation between DGI’s. Table 5 presents the separation between different DGI’s in terms
of shale thickness and the number of wells which show no shae bresk. This indicates that the reservoirs
of the upper part of the Bartlesville sandstone (DGI A to C) have aworse vertical separation than those
of lower part (DGI D to G).
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Table 5 - Vertica separation condition, tract 7 and adjacent area

ShdeBreak  Typicd Thickness Range NWI*

NWWNS PWWNS

(Ft) * *
Avs B 1to3 89 27 30
Bvs. C 2t04 89 19 21
Cvs D 2106 89 7 8
Dvs E 2106 89 7 8
Evs F 2106 89 9 10
Fvs G 3to8 116 4 3

Note: NWI* = number of wellsinvestigated
NWWNS* = number of wells which shows no shale bresk
PWWNS* = percentage of wells which shows no shale bresk

It is difficult to evauate the petrophysica properties for reservairs in tract 7, because al cores (20 in
total) were cut for DGI F and G only. Fortunately, there are three longer cores cut in nearby area of
tract 7 (i.e.,, well 6-F8, 10-49, 4-24), data of which can be used as a reference for tract 7. Table 6
shows core porosity and permesbility data for these three wells, as well as some core data for DGI F

and G intract 7, in comparison to the data of Self-82 core.

The data presented in Table 6 indicates that for DGI E to F (or G if present), the tract 7 area and Self-
unit have comparable porosity and permesbility. However, for DGI B to D, the tract 7 area has a much
higher porosity and permesbility than thet of the Sdf-unit. Thereis no core samplefor DGI A intract 7
area, however wdl logs show good reservoir qudity for DGI A sandstonein the tract. Thisimplies that
the upper part of Bartlesville sandstone in tract 7 area could have very good potentiad for further

development.
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Table 6 - Comparison of core porosity and permeability between Self-unit and tract 7 area

Well Sdif 82 Well 6-F8 Wl 10-49 Well 4-24
DGl Phi (%) K (md) Facies Phi (%) K (md) Facies Phi (%) K (md) Facies Phi (%) K (md) Facies
A NS NS CH NC NC FP NC NC FP NC NC FP
B 91(3  0018(1) CH 115(2) 16(2) CH 01 (1) 133(1) FP NS NS FP
c 118(16) 057 (15) CH 223(19)  397(19) P 206(17)  148(17) CH 5.1(22) 23(22) CH
D 16,5 (20) 26.4(19) SP 20.7 (17) 237 (17) SP 17.8(12) 105 (12) SP 11.9(4) 182 (4) SP
E 19.9(5) 181.8(5) S 19.3(20) 151 (20) CH 18.1(26) 776 (26) CH 15.7(8) 66.9 (8) S
F 21.8(9) 246 (9) BS 20.5 (56) 137 (56) BS 222 (24) 217 (24) BS 185 (43) 146 (43) BS
G Not developed 17.9(34) 30(34) BS 16.2 (49) 18.2 (49) BS 19.4 (36) 914 (36) BS

Wl 7-100 Wl 7-102 Wl 7-103

DGl Phi (%) K (md) Facies Phi (%) K (md) Facies Phi (%) K (md) Facies
A-E NC NC NC NC NC NC
F 212(22)  1623(2) BS 154 (4) 32(4) BS 202(20)  141.3(20) BS
G 15 (40) 35.5(40) BS 178(50)  14.9(50) BS 172(36)  295(36) BS

Note: The number within parenthesisis the number of samples.

NC = not cored

NS = not sampled

CH = channd-fill sasndstone

FP = flood plain mudstone

SP = gplay sandstone

BS = braided stream sandstone
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The geologicd analysis of tract 16, based on the limited data available, showed that the DGI G
sandstone is absent in the southern two-thirds part of the unit. DGI A to C has the mogt likely
potentid for further oil recovery.

56 wdls have been drilled on tract 9, however, only 11 logs were available for geologica
interpretation. Aswas done in other tracts, the Bartlesville sandstone was subdivided based on the
correlation of these 11 logs and logs in other tracts. DGI A to DGI G was recognized. Log facies
interpretation was performed for each well, and each DGI facies map was completed for each DGI
in conjunction with other tracts. Characteristics of the vertical profiles are very smilar and

correlatable to what was observed intract 7 area.

Chevron's micdler-polymer flooding acreage, dso a 160-acre unit, is located in the northeast
quarter of section 17-17N-12E, i.e, immediately north of tract 9 and west of tract 6 (Figure 87).
The micdler-polymer flooding project was conducted during the early 1980's and is considered to
be very successful in terms of oil production increase. Currently this unit is operated by Hyperion
Oil Company.

An investigation of the factors leading to this success was intended, in the hope of gaining insight into
our proposed reservoir management planning. Fourteen logs were collected from public domain in
Tulsa. Corrdation to DGI level and sandstone classification for each DGl was made for each of
these wells. Facies maps for eech DGI were congructed for this unit in conjunction with other

reservoir units.

In addition to conventiond logs, we dso had detailed log descriptions from micdlar-polymer unit.
This included information about saturation (see Figure 92). As can be seen from this figure, ail
saturation tends to be much higher in the upper part of the Glenn sand than the lower part. Thisis
an indication that more potentia for recovering additiona oil existed in the upper part of the Glenn

sand.
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Figure 92 — Core ail saturation (%) profile (Chevron’s micdlar-polymer unit)

With inclusion of tract 16, tract 9, and the Chevron micdler-polymer flooding acreage, the area
mapped for detailed facies architecture over the course of the project was about 1,500 acres. It
was helpful to condtruct a unified facies map for entire area including the Sdf-unit, and tracts 3, 4, 6,
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7,9, 10, 11, 12, 13, 16, and the Chevron micdler-polymer flooding acreage. The unified facies
map was completed for each DGI and shows the depostiond relationship among different tracts
very cdearly. Figure 93, as an example, shows the unified facies map of DGI A for the entire area.

Tract12

Tract 13

o] 0.25 mile
EEEEE— )]

Channel4ill sandstone splayl sandstone flood plain mudstone

Figure 93 — DGI A map for the area of interest

To form a more accurate estimate of oil reserves in tracts 6, 7, 9, 10, 11, 12, 13, 16 and the
Chevron micdler-polymer flooding acreage, net sand thickness was evduated by using wel logs.
The "50% method" was adopted for determining the net sand thickness, which is the portion of
sandstone with reservoir quaity. About 120 logs were andlyzed for this purpose.
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Figure 94 displays the ratio of net sand thickness to gross sand thickness (i.e,, the interva thickness
from sandstone top to sandstone bottom within a DGI) for each DGI. The ratio displayed is the
average value caculated from al 120 logs. From this figure we can see that the ratios for DGI A
and DGI G are dightly smaller than those for other DGI's. Thisimplies that a least in these tracts,
DGl A and G are more muddy or shaly than other DGI's. As was mentioned earlier, the
Bartlesville sandstone was deposited in a regressve manner, thusit is easy to understand why DG
A isshdier than the lower DGI’s. But why is DGI G different? One possible explanation is that the
lower part of Bartlesville sandstone contains more rip-up class shae originated from the eroson of

underlying Savanna shde.
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Figure 94 — Average net/gross ratio determined from 120 logs

Using this geologica andysis as input, a detailed engineering evauation was conducted as discussed
in the next section. No geophysica component was involved in this budget period.

Engineering Evaluation
| ntroduction

This section discusses the engineering evauation of the Glenn Pool field, which was the subject of
interest in the second budget period. In addition to the part of the field operated by Uplands
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Resources, we a0 investigated the Chevron’s micdler-polymer flood. This flood was very
successful in recovering sgnificant additiond oil.

A database of dl the wells that have been drilled was compiled detalling information pertaining to
the location of the wel and the perforation depths. A tota of 280 wells were included in this
database, including both producers and injectors. Perforation maps were generated for each DGI
displaying only those wells that have been completed in that DGI with an estimate of the interva that
has been completed out of the thickness of the DGI under consideration. The conclusion derived
from these maps was that the upper zones were not perforated as densely as the lower zones. Since
most of the available completion data are skewed towards the years 1942-1995 this conclusion is

gppropriate during the course of secondary flooding implementation in the fied.

Perforation interval maps were plotted for the Chevron lease to understand the completion practices
before and after the micdler-polymer flood implementation in 1980. These maps showed that
Chevron had concentrated its completions in the upper intervals. There was very little activity in the
lower DGI’s especidly DGI G. We believe that the rationade used was upper zones have a lot of
potentia owing to ineffective flooding practices. Thisis supported by the TDT logsin tract 7, which
shows clean sands with high ol saturations in the upper regions.

Screening Test for High Potential Areas

It was difficult to determine which part of the sudy area we need to concentrate further. A
screening procedure needed to be devel oped so that we can high-grade and low-grade some of the
aress. A procedure was developed as a screening test to identify the areas with high potentia for
oil recovery in terms of the petrophysica properties.

The investigation areawas divided into 60-ft = 60-ft grid blocks. The area of interest spans 7,920
ftin the x direction and 5,820-ft in the y direction and 5 DGI’s (A-E) in the z direction. DGI's F
and G were not included in this analysis Since it was believed that they have aready been effectively
flooded by previous water floods. Thisresultsin a3-dimensond grid block setupof 132~ 838" 5
(X, y, 2) respectively. Each DGI was represented as a dice independent of a physica magnitude
asociated with it.
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Mapping of Petrophysical Properties

(@  Porosty

Logs were collected and digitized wherein the combination of logs for a particular well is sufficient to
make a reasonable estimation of porodty and saturation. The number of such wdls is extremdy
smdl. Typicaly a combination of Spontaneous potentia, Gamma ray, Density and Neutron logs is
used to compute porosty. The computation vaidity is then established by comparing it with the
core porosity data for the lower intervas since the upper intervas are predominantly uncored. The
porosity values at the well locations are averaged for each DGI. These average values are kriged to
estimate porogity vaues a al other grid blocks for a particular DGI. The result is seven ared dices
(DGI A-G); each dice represents a particular DGI.

(b)  Permesbility

Log permeshility versus porosty relationships is established for each DGI individualy by combining
al available core data. Permesbhilities are evauated based on the above rdationships for al wells
where porogity is computed. The permesability vaues at the well locations are averaged for each
DGI. Precautions are taken to strip any unreasonable permesbility value. These average vaues are
kriged to estimate permegbility values at al other grid blocks for aparticular DGI.

(© Saturation

Typicdly a combination of porogty, induction or resistivity logs is used to compute saturetion. The
saturation values at the well locations are averaged for each DGI. The computation vdidity is then
established by,

Comparing the log derived profile with the core profile.
Comparing S, averaged for each DGI with TDT saturations usng compatible R, and s,

vaues.

The average vaues are kriged to estimate saturation values at dl other grid blocks for a particular
DGl.
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Potential 1ndex Estimation

The potentid for a particular location is a cumulative effect of the production capacity, storage
capacity and access to the existing wells. The potentia should be directly related to the production,
storage capacities and inversdly proportiona to the access by existing wells.

@ Conductivity Index (CI)

This index quantifies the production capacity and is relaed to the product of permesbility and
thickness (k” h). Since k and h are defined at dl grid blocks in dl the seven DGI dlices (A-G)
the productivity can be edtimated at each grid block. Since F and G have been drained
consderably, further indexing is done only from DGI's A-E. The productivity datafor the DGI's A-
E are then combined to establish quartiles X,., X, and X,,. Ranks are then assgned from 1-4
by comparing data points at each grid block with the quartiles. For ingtance if the productivity for a
paticular grid block islessthan X, thenit isassigned arank 1. If it isbetween X, and X,
then the grid block is assgned arank 2. If it is between X, and X, then the grid block is

assigned arank 3 and if the vaueis greater than X, it isassigned arank 4.
(b) Storativity Index ()

This index quantifies the storage capacity, and is related to the product of porosty, oil saturation
and thickness (f © S h) . Since porosity, saturation and thickness are known at al grid blocks in

al thefive DGI dices (A-E), the Sorativity can be estimated at each grid block. The Storativity data
for the DGI's A-E are then combined to establish quartiles X, X, and X.,. Ranks are then

assigned from 1-4 by comparing data points at each grid block with the quartiles as was done for
the conductivity index.

(© Accessbility Index (Al)

This index defines the access to a particular area by drilled wells. It is assumed that a fully
penetrated wdl in a particular DGI contacts 10 acres.  Although arbitrary, this assumption is
consgent with the overdl observations in the fidd that indicate low ared continuity. If partidly
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penetrated, the area is proportionately reduced. The area contacted by a well is assumed to be
proportiona to the square of theratio of perforated interva to the total thickness for each DGI. If a
grid block is contacted by a drilled wel (i.e, it fals within the assgned drainage areq), the
accesshility index is assigned 0 and if grid block is not contacted, the accessibility index is assigned
1

(d) Potentid Index (PI)

The productivity and dorativity indexes are combined by summing up ther individud ranks at al
grid blocks. The maximum vaue of the sum is 8 dencting that the area has the highest potentia both
in terms of its productivity and sorativity. Conversdly, the leest vadue of the sum is 2 dencting low
potential. Since the essence of the procedure is to identify areas of high potentia it was decided to
use a combined sum of 4 as the index of demarcation between high and low potentid areas. Hence
if the sum is greater than 4, the grid block is categorized as 1 (high potentid) and if sum is less than
4, the grid block is categorized as O (low potentid). The category vaue is then multiplied by
accessbility index to cdculate the find potentid index as,

Pl=(Cl +9)" Al )

Irrespective of agrid block having ahigh or low potentid, if the areais being contacted by awdll, its
accessibility is O, which aso reduces the Pl value to a 0. By including the accessbility, we
essentialy mask al the regions that are being drained and treat them as being equivadent to areas
having zero potentid (see Figure 95).

Potentia Index Map (DGI C) Cumulative Index Map (DGI A-E)

n T

Figure 95 — Potentid index map for DGI C and cumulative index map for DGI A-E

Code 1

Code0
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Cumulative index is estimated by adding the PI vaues a corresponding grid blocks for dl DGI's
A-E. For each ared location, 5 indices are added corresponding to each DGI. By collgpsing dl the
DGI's into one unit we can examine which aress have the highest potentia both aredly and
verticdly. (see Figure 95). In Figure 95, code 1 represents high potential, whereas, code O
represents low potentid.

Evaluation of Production | nfor mation

In addition to generating the Production Index maps, the cumulative production data from the
individua tracts was evauated to assess the relative success of secondary recovery to primary

recovery. The specific objectives were,

To make a comparative andysis of the primary production and incrementa secondary recovery
production for tracts numbering 1 - 18.

Estimate origind ail in place (OOIP) and totd recovery as a percentage of the OOIP in tracts
1-18.

Tracts 118 cover the ared expanse where the Berryhill Glenn Sand Unit (BGSU) has been
identified. We dso included Chevron micdler-polymer unit for comparison purposes.

Analysis of Primary Production and Secondary Recovery

Primary and secondary recovery production data were obtained from Reference 50. The report
lists year wise production data from the fied inception time in 1908 through 1988. It dso ligs the
contribution from each tract provided the tract was in commercia operation in the year of question.

The field wide production history can be summarized as follows,

1908- 1955-60: Primary Depletion
1940- 1961-66: Gas Injection
1965 - 1985-95: Waterflooding
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The production data for each tract is plotted as a function of time. Then the area under the curveis
edimated to obtain the cumulative primary production and incrementa recoveries due to 1) gas

injection and 2) waterflooding.

A typicd exampleis shown in Figure 96. It can be noted from the production response that the
data compares wdl with the fidld wide history mentioned above. The production data was
extrgpolated as in decline curve analyss for the cumulative production estimates and the area under
the curve was adjusted accordingly during the time spans when two processes are in effect
smultaneoudy. For ingtance, in Figure 96 during 1940-52 primary depletion and production due to
gas injection are occurring Smultaneoudy. The following ratios were then estimated and the vaues

were compared for al tracts under consideration

GP = Incrementa cumulative production due to gas injection (G) / cumuldive
production due to primary depletion (P)

WP = Incremental cumulative production due to injection of water or other fluids
(except gas) (W) / cumulative production due to primary depletion (P)
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RAW PRODUCTION DATA OVERLAIN WITH EXTRAPOLATED DATA
TRACT 10+12+13
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Figure 96 — Raw production data overlain with extrapolated data

Figure 97 is arepresentation of this information. In Figure 97, tract 10 represents the combined
area of tracts 10, 12 and 13. It was obvious that gas injection response is poor over the entire field
with the exception of tracts 7, 6 and 3. The most interesting feature of the plot was the W/P value
for the micdlar-polymer unit. It stands out in comparison to other tracts demondtrating the success

of the Chevron miceller-polymer unit.
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WI/P and G/P RATIOS FOR TRACTS 1-18
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Figure 97 — W/P and G/P ratios for tracts 1-18 and micellar-polymer unit
Original Oil in Place (OOIP) Estimations

The net sand volume figures as quoted in Reference 50 for the upper, middle and lower Glenn sands
were summed to get the totd sand volume. This was then multiplied by an assumed congtant field
wide initid oil saturation of 0.78 and formation volume factor of 1.15 RB/STB to get the origind ail
in place. The caculated vaues are shown in Table 7.
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Table 7 - Qil in place estimates

Tract OOIP Tract OOIP

MMstb MMstb
Chevron 9.745 10 6.003
1 8.148 11 12.388
2 1.739 12 4.717
3 9.216 13 1.792
4 6.026 14 2.494
5 4.403 15 9.940
6 14.660 16 7.320
7 14.717 17 2.071
8 6.794 18 3.809
9 13.428

The OOIP estimates were dso used to calculate the total recovery of each tract from primary and
incrementd production from secondary methods. Figure 98 shows the result. It can be seen that
tract 7 has a lot of potentia that can still be tapped. Tract 7 is a good candidate for secondary
process implementation since the OOIP is large. Tract 9 is aso attractive for the same reason
coupled with the fact that it has an extremey low well dengity in terms of number of wells drilled.
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Figure 98 — Totd ail (primary + secondary) recovered as % of OOIP (dl tracts + Chevron's
micdllar-polymer unit)

Summary

Usng our screening criteria, the areas with the highest potentid for additiona recovery were
identified. The areas with the highest potentia for recompletions were identified as tracts 9 and 7.
These tracts were investigated in more detail as discussed below. In addition, Chevron’'s micellar-
polymer unit was studied further to understand why the micdlar-polymer flood was successful in
thet unit.

Chevron’s Micdlar-Polymer Unit

The area of andyss was the Chevron micdlar-polymer unit, which is north of tract 9. Chevron
implemented a micdlar-polymer flood pilot from 1979-1983, which was based on sdective
isolation of the upper zones. Chevron initiated fidd-wide implementation in 1983-1984 that
resulted in a remarkable increase in oil production, which will be discussed later in more detail. The
obvious success of the Chevron micdlar-polymer flood prompted us to andyze the unit in more
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detal. Further, the performance and the completion strategies in this unit could be used as a focd
point to compare and contragt it againgt tract 9 which is a geologicaly smilar unit with comparable
oil saturation profiles.

Perforation Strategies

Chevron usad the prevaent upper Glenn, middle Glenn and lower Glenn divisions of the Bartlesville
sandstone to describe the reservoir. Chevron believed that the upper and middle Glenn layers were
separated by a continuous shde barrier and implemented the pilot flood by isolating the perforations
in the upper zones. This was later proved to be untrue. The drategy during the field-wide
implementation was to complete the wells both in the upper and middie Glenn layers. Figure 99a
shows the contrast in completion srategies during the pilot and fidld implementation. The lower
Glenn was avoided since it is known to be water bearing. Thisisin sharp contrast to the completion
practicesin section 16 and tract 9 wherein the completion density increases as we progress down to

the lower intervas. Figure 99b showsthisin grgphica form.
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Figure 99 - (&) Completion practicesin the Chevron unit. (b) Completion practices in section 16
and tract 9

Effects of the Micellar-Polymer Flood

The micdlar-polymer flood implementation resulted in 52-times increase in oil production and a
WOR decrease of dmost 10 times as shown in Figure 100. Chevron increased the number of
completions dramaticaly in 1982-83 prior to micdlar-polymer flood fidd implementation. We
believed that at least part of the additiond oil response could be atributed to better completion
practices. Hence it was decided to conduct a flow smulation to study the effect of additional
completions by waterflooding the reservoir as opposed to a micellar-polymer flooding effort. This
enabled us to quantify the additiona recovery that could be expected out of a Smilar program in
tract 9.
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Figure 100 — WOR and oil production response of the Chevron unit
Chevron Unit Flow Smulation

The following data were collected for the area courtesy of Hyperion Energy Resources, the current
operator for the lease. In generd the porosity in the Chevron areais higher as compared to section
16 dthough thisis not true for permesbility.

Core and log data
Production data as afunction of time
Perforation/completion data

The core data at each well location was averaged for each DGI. The average vaues were then
interpolated at interwell locations to create areal maps of porosity and permesbility Figure 101)
for each DGI. The shale barriers between the DGI’s were assumed to be continuous since the
vertica permesability is observed to be negligible as compared to the horizontal permesbility.
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Figure 101 — Sample porosity and permegbility ared profiles

The PVT properties input requires oil and gas properties as a function of pressure. The minimum
bottom hole pressure is known to be around 20 ps and the initid pressure of the reservoir was
around 900 ps. Therefore the working range of pressure is 20-900 ps. All the properties were
generated using standard black oil model corrdlations for the above working range in discrete

increments of pressure.

The parameterization of the reative permeabilities was done using the power lawv modd with
ressonable end point permesbilities suggested by the Kuykenddl.? The exponents of the oil and

water curves were varied as afunction of time.

A commercid smulator, ECLIPSE, was used for smulation purposes. The primary depletion stage
smulation was carried out so as to gpproximate the field oil production response by standard
hyperbolic decline with a reasonable guess vaue of initid oil production. The secondary recovery
stages of the smulation were condrained to maich the oil rates. The relaive permesbilities were
fine-tuned as a function of time to get the observed water cuts. Every effort was made to closdy
monitor the number of active wells and the average reservoir pressure a any time to get a

reasonable forecast.

The ared expanse of the Chevron unit is 160 acres. It was decided to divide the area into 132-ft x
132-ft grid blocks so that any layer is split in 400 grid blocks. The thickness of each grid block is
assgned to be the thickness of the layer itsdlf, which is obtained by interpolating at interwell
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locations. The system has 11 layers, which isthe sum of dl DGI’s B through G and the intermediate
shale layers between any two DGI’s.

The results are as shown in Figure 102. The smulated water flooding response shows a much
lower kick in the fidd oil production (FOPR) as compared to the actuad micdlar-polymer flood
response.  Similarly the WOR plot shows decrease by a larger factor for the actud micelar-
polymer flood response as compared to the smulated water flooding response. Table 8 quantifies
the responses observed.

FOPR comparison of Simulated/Observed data WOR comparison of Simulated/Observed data
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Figure 102 — WOR and field ail production plots for the Chevron unit

Table 8 — Comparison of miceller-polymer versus conventiond waterflood

Response Miceller-Polymer Waterflood
Feld oil production (bbl/d) 51 timesincrease 15 timesincrease
WOR (bbl/bbl) 10 times decrease 4 times decrease

Summary of Smulation of Chevron’s Unit

Based on the amulation results from Chevron's unit, it was clear that the favorable response
observed during the miceller-polymer flood was partly due to better completion strategies and partly
due to the addition of chemicas. Conservatively, if only water flooding would have been used in the
Chevron unit, the ail production would have increased by 15 times as compared to 51 times. The
WOR would have decreased from 200 to 50 instead from 200 to 20. Although not as impressve,
re-completion of upper zones would have added significant oil production. This type of completion
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drategy is relaively chegp as compared to injecting expensve chemicas. We evduated the
usefulness of these drategies for tracts 9 and 7 in the following two sub-sections.

Tract 9 Evaluation

Tract 9 islocated south of the Chevron unit and has an areal expanse of 160-acres (see Figure 87).
The unit is operated by Uplands Resources Incorporated and has very smilar reservoir conditions
to the Chevron unit. The well schedule information was very difficult to recongruct. It is known
with a fair degree of certainty that number of wells that have been drilled so far from the time of
discovery is close to 65. The unit currently has Sx active producers and ten active injectors
providing pressure support. Tract 9 is one of the units that rank high with respect to the origind oil
in place (15 MMStb). From the report compiled by Welch it was observed that tract 9 had
produced cumulatively 6.058 MMStb of oil through primary depletion and secondary recovery
operations as shown in Figure 103. This amountsto arecovery of 40% of the origind ail in place.

RAW PRODUCTION DATA OVERLAIN WITH EXTRAPOLATED DATA
TRACT 9
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Figure 103 — Production analysis plot for tract 9 showing the primary gas injection and water
flooding stages of depletion
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Geostatistical Estimation of Petrophysical Properties™

The A-G DGI modd provided by the geologist was directly used as input for athirteen layer system
into the amulator with each DGI condtituting one layer with shde interbedding between successive
DGI’s. The facies divisons used within eech DGI are channd sand, splay sand and flood plain
mudstone as provided by the geologist.

A wel base map for each DGI was congtructed with the facies code assigned a the well locations.
The facies type was determined by the type of SP or Gammaray log response observed at the well.
The facies code was assgned based on the following convention:

Channd sand

Splay sand
Flood plain mudstone, shale

Indicator variograms were then generated for each facies, which were then input into the indicator
smulation program-Sisimpdf* for constructing the aredl facies map. The Sismpdf program honors
the input proportion of each facies. In this sudy a multi-layered modd was used which
compromised the variability of the petrophysical properties to a certain degree but the depostiona
hierarchy was drictly honored. Unlike the Chevron unit study an attempt was made to smulate the
shde layers between successve DGI layers to identify areas where the shae barrier is discontinuous

permitting sand upon sand stacking.

The thickness of sand in each DGI a wedll locations was estimated from the data provided by the
geologist. Thee edimates were then kriged a interwel locations using the ordinary kriging
procedure to generate thickness maps for each DGI. It should be noted that the thickness of sand is

explicitly forced to zero for interwell locations where the Smulated facies is known to be shde.

The porosity at each wdl location was estimated based on the gamma ray logs due to insufficient
dengty-neutron or sonic logs. A gamma ray to core porodty regresson relaionship was
established based on data from the Slf-82 wel located in the Sdf-unit (Figure 104). This was the
only physica core Stuated proximad to the Sudy area. The gamma ray vaues were then averaged
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within each DGI and then kriged a interwdl| locations to produce gamma ray maps for dl DGI’s.
The kriging was performed with the previoudy smulated facies maps as externd drift>? The
regression relationship was then used to trandate this to a porosity map.

GAMMA RAY v/s POROSITY CORRELATION CHART
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Figure 104 — Gammaray versus core porosty correlation developed from the data compiled from
Salf-82

Gammaray vaues have a direct dependence on the shde content of the reservoir, which is
inversdly proportiond to the porosity of section. Since gammarray logs show a pulsating response
as opposed to the blocky response shown by SP logs, foot by foot measurements of gamma ray
logs may be mideading. When they are averaged over the thickness of the DGI itsdf the vaue
should be representative of the shae content and in turn porosity at a particular location.

Figure 104 shows a large scetter identified by the lines A-A and B-B around the trendline for which
the equation is provided. Hence it was proposed to feed the straight-line equations of A-A and B-
B and use a random number generator for determining the porosity vaue for a given gamma ray
measurement. For example agamma ray measurement of 30 APl units could be representative of a
porosity value between 15% and 26% marked on the plot as Lower and Upper bounds
repectively. It should be noted that the lower the gammaray vaue, the higher the uncertainty in the

correlation.
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Even though the correlations between In(k) and porosity are quite good it was not used since the
regression relationship may yield unreasonable vaues when extrgpolated beyond the input porosity
range used to congtruct the corrlaion. Once the porosity maps were generated for dl DGI’s the
values in each DGI were transformed into a standard norma Gaussian distribution. It is known that
the porosity vaues are reated to permegbility without alarge scatter. So the values in the Gaussan
domain obtained from porosity are back transformed into permesbility (real space) usng the
cumulative digribution function (cdf) from Chevron unit deta as input. This is done DGI by DGI
with the input cdf for the corresponding DGI generated from the Chevron unit.

Figure 105 presents a composite diagram of the facies, thickness, porosity and permeability map.
It can be observed that the thickness and the petrophysica property maps carry the geologica

faciesimprint.
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Figure 105 — Composite diagram showing areal maps of porosity, permesability and thickness
honoring the facies distribution

Flow Smulation Procedure

Tract 9 amulation sudy used total liquid production as the flow congraint instead of il production.

The rationde used was thet if the totd liquid production were matched, discrepancies in smulated

water cuts compared to the actua field vaues would result in unacceptable errors in smulated oil

production. This should be understood in light of the fact that typicd water cuts in producing wells
are 99%. If a smdl difference in smulated versus observed water cut is observed it results in

ggnificant difference in water production. It would have happened if we had used oil rate as a
congtraint.

173



Anocther difference from conventiond history matching procedure was the entire history of tract 9
was not matched. Significant uncertainty exigts as to the wdl locations during the early life of tract
9. Further data on individua wells— production, completion, and abandonment — was not available.
Even the tota production on tractwide basis was missang for many years. This made it very difficult
to amulate the higoricd peformance. Instead of trying to maich an “edtimated” higtorica
performance, it was decided to concentrate on the last five years of production history for which
better qudity data were available. We initidized the modd in 1992, and estimated the prevaent
conditions at that time using available data as described below.

The ared expanse of the tract 9 is 160-acres. It was decided to divide the areainto 66 =~ 66-ft
grid blocks so that any DGI is divided in 1,600 gridblocks. The thickness of each gridblock was
assigned to be the thickness of the DGI itsdlf, which was obtained by interpolating the vaues at
interwell locations. The system had 13 layers, which is the sum of al DGI’s A through G and the

intermediate shae layers between successve DGI's.

The PVT properties input requires oil and gas properties as a function of pressure. The minimum
bottom hole pressure is known to be around 20 ps and the initia pressure of the reservoir was
around 900 ps. Therefore the working range of pressure is 20-900 ps. All the properties were
generated usng standard black oil modd correations for the above working range in discrete

increments of pressure.

The well test data provided an estimate of the average reservoir pressure around the well. Four well
tests were conducted within tract 9. These average pressures were gridded using the kernel
smoothing technique to generate an ared base map of pressure for the year 1992. Since al the
DGI's are in verticd communication with the exception of DGI’s A and B vertical equilibrium was
assumed to calculate the ared pressure profile for each DGI. It should be noted that the base
pressure map is tied to DGI E since this layer represents a median depth in the vertical structure of
Glenn sand.  All other DGI pressure profiles were determined based on the hydrogtatic pressure
difference. Figure 106 shows the base pressure map that istied to DGI E. It can be seen that the
southwestern corner pressures are lower as compared to other areas. This might be an indication of

lack of support to the exigting producers from the current injectors.
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Figure 106 — Ared reservoir pressure map that istied to DGI E in ps

The saturation profile was derived from residtivity logs. It was then scaled usng amultiplier to make
it representative of the year 1992. The methodology used to determine the multiplier is as follows.
The €ffective permeability (product of relative permesbility and absolute permesbility) was
edimated from the modd at dl wells where well testing was carried out. The effective permesbility,
which is a function of saturation, was then compared with the observed effective permeability
derived from the well test. Since the effective permeability has a direct dependence on saturation,
the saturation was scaed 0 as to bring the modd derived effective permeability closer to the well
test derived effective permegbility at dl the wells. Using this method, the multiplier sdected was
14.

Flow Smulation Results

The wel map is presented in Figure 107. It shows only the active wells for clarity and does not
include dl the wells that have been drilled in this unit. Initidly it was proposed to redtrict the
recompletion/redrilling program to the area marked by dotted lines in the well base map. In

accordance, the following scenarios were proposed.
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Well location map with Existing/Proposed wells
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Figure 107 — Well base map of existing/proposed wellsfor tract 9

Scenario Base

It was proposed to plug the lower DGI’s (E, F, G) and then complete upper DGI’s (A, B, C, D)
for adl exigting wells within dotted area namely p33, p54, p60 and K4. Two new injectors and three
new producers 70, 71 and 72 were proposed. It was intended that the injectors Z1, Z2 and K4
would form a water bank and sweep the oil east and west of the line of injectors toward the

producers as shown by the green arrowsin Figure 107.

Anisotropy Favorable/lUnfavorable

It was proposed to investigate the effect of anisotropy K, ¢ =3 K., for the base case. This

would be favorable for the proposed intent Since the water bank formation is promoted owing to the
North-South permeability being higher. It was adso decided to consider the adverse case where
K,.s =([¥/3)" K., togetanideaof the possble downside if the truth is an exact converse to the

favorable case.
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The higory matching for dl the cases was done from the year 1992-1997. The forecasting was
done from May 1997. It should be noted that the history matching was done with totd liquid
production as the flow congraint. Hence the oil production curve during the history matching stage
would be case dependent because of variationsin the oil cuts.

Scenario Plug/Recomplete All Wdls

Scenario base did not yield a good response. Hence it was decided not to restrict the scope of
operations to the dotted area mentioned in the base scenario. It was proposed to plug al injectors
and producersin the lower DGI's (E, F, G) and complete them in the upper DGI's (A, B, C, and D)
without redrilling new wells.

The proposd did not look attractive at first glance (Figur e 108) since the incrementa oil production
on implementation of recompletion/redrilling program was not sgnificantly higher as compared to the
case in which exigting conditions were adlowed to prevail. This was indicated by the closeness of
the two curves in the ail production plot. The water cut plot showed a decrease of 98.7% to
97.3% that trandates into a considerable reduction in water production. Hence despite the fact that
incrementa oil production was not encouraging the proposa was economicdly viable since the

water production was cut drasticaly resulting in aremarkable reduction in operating costs.
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Figure 108 — Qil production and water cut plot for scenario plug/recomplete dl wells

Scenario Plug/Recomplete Old Well and Drill New Vetica Wels

This scenario was a combination of the base case and the scenario detailed in the previous section.

The proposa for new wells was not changed. Hence in this scenario the new wdlls are p70, p71

and p72 as producers and Z1, Z2 as injectors. The intention was to capture the advantages of
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plugging the lower intervasin terms of reduction in water cut and still gain incrementd oil production
by virtue of the new wells drilled.

The incrementd oil production, after implementation of the proposa over the existing condition
case, was a best about 35 bbls/d. The water cut goes down from a value of 98.7% before
implementation to a low of 97.8% which was a reduction of 0.9% as compared to a cut of 1.4%
brought about by the plug/recomplete program.

Scenario Plug/Recomplete Old Wdls and Drill New Multilaterds

It was proposed to drill multilaterd wells (Figure 109) with laterad sections penetrating each of the
upper DGIs A, B, C, D. The wdl would penetrate the formation in the North-South direction.
Wil Z1 would be amultilaterd injector and well 71 would be a multilateral producer. The intention
was to gain advantage of the horizontal sections of the multilateral wells. It was hoped that
multilaterd injector would provide good sweep and that the multilateral producer would yield more

incrementa oil production as compared to vertica wells.

Well location map with Existing/Proposed wells

Ko
264000 - HEX

LEGEND

[k

198000

3 I:’ Proposed producer 1997

o
p33 4 Proposed injector 1997
.
K6 Existing and active injector
132000 A .

Muttilaterals

>
3
2y
Pe
=
2

fS

66000

M3A M4 M4A M5AMS
. o @ o 8
0.00 4+

0.00 1320.00 2640.00

Figure 109- Proposed well base map with multilatera well locations

The incrementd oil production after implementation of the proposa over the exigting condition case
was a best about 70 bbls/d which was consderably larger than the verticd well scenario (35
bbls/d). The maximum reduction in water cut was about 1%.
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Scenario Plug/Recomplete Old Wels and Drill Deviated Wells

Since the multilatera's proved not to be cost ineffective it was proposed to investigate a scenario
wherein the multilateral wells were subgtituted by deviated wells. The ideawas drill a an angle of 80
degreesto the vertica (amost horizontal) and penetrate dl upper DGI’s namely A, B, C, D with an
approximate span of 80 feet in each layer. The principal direction of penetration would be North-
South.

The incrementd oil production after implementation of the proposa over the exigting condition case
was at best about 70 bbls/d, which was lower as compared to the scenario in which multilaterals
were proposed. The maximum reduction in water cut was once again about 1%. Since the cost of
drilling a deviated wdll is a chegper propostion as compared to the cost for a multilatera well, it

was economicaly more attractive.

Ancillary Scenarios

In addition to the above scenarios, we aso considered scenarios that were based on our
understanding of potentid index mapping of tract 9. Based on the mapping of potentia index, we
had noted that all the areas of tract 9 were not equaly explored. Based on the potentia maps, we
investigated three additiond scenarios that involved ether drilling vertica producing wells, or either

drilling deviated injection or production wells. These scenarios are shown in Figure 110.
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Figure 110 — Well locations of the existing/proposed wells dong with a sample potentid index map

The response from these scenarios is shown in Figure 111. The results are compared with the

base line where existing conditions are alowed to prevail. The best response is given by drilling a
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deviated producing well — P76, and is second only to the scenario when dl the individual scenarios

are implemented smultaneoudy.
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Figure 111 — Qil production and the water cut plot for ancillary scenarios
Economic Evaluation

A smple economic evaluation was conducted to identify the most favorable scenarios™ The rate of

return histogram is presented which is a compilation of al scenarios (with the exception of ancillary
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scenarios) together arranged in ascending order. It was decided to incorporate sengtivity andysis
on the ail price with variations as shown in Figure 112. The ROR figures do not show a large
variation for any given scenario. It can be noted that the plug lower DGI’ s recomplete upper DGI’'s
flow scenario stands out among al the proposas. However, it should be noted that the production
increase in plug/recompletion scenario was not sgnificant. Mogt of the cost savings were achieved
by reducing the water cut, and hence cogt of lifting.

RATE OF RETURN HISTOGRAM WITH SENSITIVITY ON OIL PRICE
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Fgure 112 — ROR histogram with sengtivity on oil price

The ancillary scenarios were investigated separately because of the method with which locations of
the wells were sdlected. The results of the economic analys's are presented in Figure 113. The
deviated producer resulted in an impressive ROR with a positive NPV at both 15 % and 25 %
interest rate. In these scenarios, we have assumed that the exising wels were sdectively
plugged/irecompleted for three months, and the new wels were drilled following the three-month
observation period.

183



Rate of Return Histogram for Ancillary scenarios
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Figure 113 — Rate of return and net present vaue charts for ancillary scenarios
Summary from Tract 9 Smulation

Basad on the evduation of several scenarios, we obsarved that the most feasble scenario was
drilling of a deviated wdll, p76. This wel would result in most incremental oil production with a
sgnificant reduction in weter cut.
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Tract 7 Evaluation

Tract 7 is located north and east of tract 9 and is also operated by Uplands Resources, Inc. The
well dengty is higher as compared to tract 9, and the unit has a history of good response to water
flooding. The present well locations are shown in Figure 114. 1t is estimated that tract 7 has close
to 15 MMStb of Originad Oil in place (OOIP). From Welch® it was noted that tract 7 hes
produced about 3.9 MM Stb through primary depletion and secondary recovery operations. This
means that the total recovery is about 26% of the OOIP, implying there is il a lot of untapped
potentia in the reservoir as compared to tract 9 which has a cumulative recovery closer to 40%.
The well dengty being high, it was not advisable to drill new wells, but a plugging/recompletion
program to exploit the upper zones may yield sgnificant additiond oil recovery.

Tract 7 well base map
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Figure 114 — Wel map for tract 7
Data Input and Flow Smulation Technique

The facies maps for dl DGI’'s were generated usng Smilar methodology as discussed in the
previous sub-section. Severa redizations were performed, and the redization which closdy
matches the map generated by the geologist, was chosen for petrophysica property estimation. In
thiswork, this sdection was done by visud observation.
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As discussed in the previous sub-section, we used gamma ray values to estimate the porosty data
Although gamma ray logs are common in the field, one of the mgor drawbacks of estimating
porogity from gamma ray logs in mature fidds is as follows. The engineer has to contend with the
fact that cdibration of the gamma ray tool is not uniform since the logs are performed by different

Service companies.

Open hole logs dways give a higher gamma ray reading as compared to cased hole logs. Since
gamma ray logs measure the naturd radioactivity of the formation, cased hole logs are affected by
the presence of the casing between the recording tool and the formation. Conceptudly, if two
different wels are logged with the same tool, a pure shde intervd in the two wdls would have the
same reading of gammaray APl units. Thisis not observed in practice since the shale found a two
different verticd sections may have different sand content, varying organic materia content,
contragting compaction levels, dl of which affect the value of the gammaray readings.

If the raw vaues of gamma ray readings from different wells are trandated to porosty without
accounting for the facts mentioned above, it would lead to under or over estimation of porogity. It
should be noted that the gammaray to porosity regresson correlation is one single relationship and
the same rdlationship is used for al the wels uniformly. By itsdf, the correlation does not take into
account the variations in the gamma ray readings between the wells. To overcome this problem, we

used a procedure of multiwell normaization.

The objective of the procedure is to bring the shale base line for different logs in dignment so that dl
deviations from this base line, which are indicative of sand, are referenced from a common base
datum, thus making the use of gamma ray-porogty relationship more reliable. It is observed that
mogt of the wellsin this sudy area are cored in the lower interval. Gamma-ray logs are transformed
into porosity values for wels, which are cored in the lower intervals. Then the gamma ray derived
porosity is compared with the core porosity. Only those gammaray logs are sdected which
demongtrate a good comparison. Foot by foot gammaray readings for such logs are pooled
together to congtruct a probability density function (pdf) and this pdf is termed as the standard
digribution. Individual well gammarray logs are then used to congruct pdf(s) for the respective
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wells. The well pdf is then plotted againgt the standard distribution to determine the amount of linear
shift in gamma-ray absolute vaue required to bring the shae base lines in dignment.

Figure 115 grgphicaly exhibits the procedure. It can be observed that pdf curves exhibit two
peaks, one for arange of gamma ray values between 15-60 units and the other centered around 90
API units. The firgt peak represents the range of possible gammaray vaues representative of sand
and splay. The range of vaues exhibited by the second peak is representative of shde. The
underlying principle in shifting individua well pdf’s is that even though the probability of occurrence
of agamma ray vaue representative of shale may not be the same in two different wells, the range
of gammaray vaues which represent shde should be centered gpproximately around the same
gamma ray reading. For wel E-9 it was determined that a linear correction of -25 APl units is
aopropriate. It can be seen that origindly the centerline of the shale pesk, which was 125 API
units, after adjustment is about 100 units. This was done for dl the wells other than those that were
used to generate the standard distribution.

Gamma ray probability density function(pdf)
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Figure 115 — Shift in pdf to dign gammaray probaility distribution functions
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Once the normdization procedure was completed the gamma ray vaues were averaged within each
DGl a al wells. These average vaues were then kriged at dl interwell locations DGI by DGI to
produce areal maps of gammaray readings with the smulated facies maps as externd drift.

The ared gamma ray maps were transformed into porosity maps by using the gamma ray-porosity
relationships with the use of a random number to aid the reproduction of the scatter seen in the
gammaray vs. porosty plots Figure 116). The correlations were generated with the use of
digitized gamma ray values and densty-neutron log porosity vaues. It can be observed that the
wells show afarly congstent rdaionship. In this study a cutoff was used with respect to the gamma
ray vaues beyond which transformation of gamma ray vaues to porosity is meaningless. The cutoff
in this case was fixed as 140 API units. Beyond this range, the porosity was fixed as 1%.
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Figure 116 — Gammaray versus porosty relationship

Regresson rdationships between log(k) and porosty were used to generate the permeability
digtribution from the porosity maps.
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The thickness maps for dl DGI’'s were generated by using the ordinary kriging procedure at
interwel| locations. The thickness of al gridblocks for which the facies type is known as shdefflood
plain mudstone was forced to zero. Since thickness is a continuous variable as opposed to facies
which is a discrete variable kriging on thickness even with zero thickness points need not necessarily
capture the facies boundary between sand and shade. It was therefore necessary to use explicit
procedures to make the smulated facies and kriged thickness maps consistent with each other.

Flow Smulation Process

The conventiona history matching procedure involves reconstructing the well history from inception
time to present time. A determinidtic initid pressure and saturation profile is mapped, and then field
flow performance is matched by tuning the input parameters. In this case sudy the saturation and
pressure profiles were derived for the year 1993 and history matching is initiated at this time. This
eliminates the need for recongructing the well schedule history from inception time of the fidd. The
history matching was performed for a short segment of time 1993-1997, during the course of which
the input modd was cdibrated. It should be noted that the production and injection data were
provided by the operator for this unit and is far more reliable than public sources of data.

The areal expanse of the tract 7 is 160 acres. It was decided to divide the areainto 66 ©  66-ft grid
blocks so that any DGI is split in 1600 grid blocks. The thickness of each grid block was assgned
to be the thickness of the DGI itsdf, which was obtained by kriging at interwell locations. The
system has 13 layers, which is the sum of dl DGI’s A through G and the intermediate shde layers

between successve DGI’s.

The PVT properties used for this case study are essentialy the same as those used for the Chevron
unit sudy. The saturation profile derived from the resistivity logs was scaled up so as to match the
water cuts. It can be recalled that the tract 9 case study uses well test data to match the effective
permesbility caculated from the modd with the effective permeability derived from the well test. In
this amulation study, this gpproach could not be redized snce only a sngle well was tested within
this sudy area. Hence the reservesin place and the saturation multiplier used for tract 9 were used

as a guiddlines for esimating the possble range of scaling coefficients of saturation. Recdl that

189



saturation multiplier was necessary because we did not begin the smulation right from the beginning
of production. Since our well log data were collected earlier compared to when we began the
gmulation, we needed to adjust the wel log derived saturation so as to match the initid ail
production aswell as water cut. This was done by adjugting initia water saturations. The saturation
multiplier represents the increase in water saturation required to maich the observed production as
well aswater cut at the beginning of smulation period.

Firg, amultiplier of 1.4, which was used for tract 9, was used for this sudy dso. The ratio of ail
phase effective permeability to water phase effective permesbility was Smilar in both the study aress
judtifying use of the same multiplier.

Second, amultiplier of 1.2 was chosen based on the fact that it is the lowest possible multiplier that
would gtill yield agood history match with regard to the accuracy necessary in Smulated water cuts.

It was known that reserves in place a the time when history matching is arted (1993) is around
11.1 MMstb. Based on the use two multiplier coefficients 1.2 and 1.4 on the water phase
sauration S, the reserves in place were caculated as 10.653 and 9.43 MMstb respectively.

These numbers are consstent with the estimated reserves (11.1 MMStb) which were based on
initid oil in place and cumulative oil production o far. The objective is to get an idea of the

incremental oil production obtainable with a worst case (S, 1.4) and best case (S, 1.2)

scenarios.

The pressure profile was guessed for DGI E, based on which all the other DGI pressure maps were
generated assuming that the pressure difference between DGI’s is equd to the hydrostatic head.
The guess profile was then input into the smulator and the performance of this profile was gauged
by determining if it satisfies the field injection and production rates. If not, the pressure data were
atered so asto be able to match the production and injection data. It should be noted that the BHP
for producers (pumping wells) is about 20 ps and the BHP for the injectors is known to be 1,250
ps. Hence there is only a certain range of input average reservoir pressure (year 1993) for which
the production datalinjection data can be matched. This obvioudy assumes thet there is no leverage
with regard to dteration of the petrophysical property fidds. If a typicd fracture gradient of
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0.75ps/ft is assumed, the formation fracture pressure is caculated as 1,163 ps. It was found that
the BHP of injectors is very close and sometimes above the fracture pressure. This is taken into
account in the smulator by multiplying wel transmissibility based on the ingtantaneous pressure
difference between BHP and the cdculated fracture pressure.

It should be noted that the single well test (well 7-111) that was performed in this study area
demonstrated an average reservoir pressure of 1,050 ps. It was aso known that the row of
injectors located in the southern part of the study area take in water a very high pressures only.
Congdering these facts there was enough reason to believe that the average reservoir pressure is
high and close to about 1,000 ps. Wdl 7-111 produces the highest volume of fluid and contributes
one hdf of thetota liquid production at any given time.

Flow Smulation Results

The completion dendty in this study area is largely skewed towards DGI G (Figure 117).
Consdering the well dendty in tract 7, it was decided that a plugging/recompletion program is the
most gppropriate future implementation. All perforationsin DGI G are plugged, and then DGI’s B-
F are recompleted. Recompletion of DGI A is avoided since the permeability for this layer is
observed to be smaler as compared to dl other DGI’s. Independent smulations were conducted
with two different S, scaling factors mentioned before.
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Figure 117 — Histogram of perforaionsin tract 7

Scenario (S\N 1'2)

Thisis the optimigtic scenario wherein it is deemed sufficient that the resgtivity log derived saturation
profile, when scaled up by afactor 1.2, is adequate to bring it in tune with the initid time of history
matching (1993). It should be noted that the saturation profile captures the globa profile of the
reservoir but the rdative highs and lows predicted in this profile need not necessarily be vaid.
Extending this logic, it could be said that when the unit is consdered as one unified system, the flow
amulation gives an gpproximate idea of how the system would behave in response to a imulus, but
there is no guarantee that wells at selected locations will honor the sSmulated performance in truth.
The reduction in water cut for this scenario was about 2%, and the incremental production
obtainable after implementation of the plug/recompletion program was about 375 bbl/d. The
smulated responseis shown in Figure 118.

192



UNIT OIL PRODUCTION - S, x1.2/Tract 7 plug/recomplete all wells

450
(f\

400 \\

—* If existing conditions contd

—*= Scenario plug/recomplete all wells

350 \
300

N

250

\\

200

FOREGAST

STARTS

Oil production (STB/DAY)

150 /

N

%0 \q'v-fﬂ X

O T

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
YEAR
UNIT WATER CUT - Swx1.2/Tract 7 plug/recomplete all wells
1
0.99 ﬂ
= /
o
g
§0.985'
> FORECAST STARTS
c
>
0.98
—*— If existing conditions contd
—#— Scenario plug/recomplete all wells
0.975 L/
0.97 : : : : : : : : : :
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

Year
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Scenario (S‘N 1'4)

This is the pessmigtic scenario, wherein the effect of a very large multiplying coefficient for the S,
profile at 1993 is smulated, and is contrasted against the previous case. It can be observed that the
incrementd oil production is 4ill quite high but the reduction in water cut is smdl after
implementation of the plug/recompletion program. The governing factor for a proposa to be vidble
or nat, is the possble reduction in water cut coupled with the incrementa il production that could
be obtained. In this case, il production increases snce more tota fluid (oil+weter) is being
withdrawn. The high rates of total liquid withdrawa aso result in incresse of lifting or operating
cogts. It should be noted thet, before implementation of the recompletion program, the wells were
primarily producing from one DGI. But after implementation of the program fluid is withdrawn from
DGI’'s B-F yielding more totd liquid production.

It can be observed from Figure 119 that the water cut shows a decrease of about 0.2% at best. It
will be shown below in the economic andyss section that the incremental oil production does not
generate enough revenue to offset the increase in lifting cods. If the saturation profile in redity is
close to the saturation profile estimated in this scenario, then it can be concluded that a
plug/recompletion program is not economically viable.
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Economic Analysis of Tract 7

Only two scenarios were incorporated in the analysis of tract 7. The forecasting was performed for
obsarving the response of plug/recompletion program but the smulation itsdf was initiated with two
different base maps of resdtivity log derived water saturation maps. This was accomplished by using
two scaling coefficientsfor sturationnamely S,” 1.2 and S, 1.4. Figure 120 presents the rate

of return and the net present vaue charts for the two scenarios. The unit has 37 active wells for
which the approximate plug/recompletion cogt is $500,000. It can be observed that if the water
saturation profile is scaed up by a factor of 1.4, the plug/recompletion program was unfeesible as
indicated by the zero rate of return and negative net present vaue. Conversdy, if in redity the
saturation profile corresponds to the resigtivity log derived profile scaled up by afactor of 1.2, the
implementation of the plug/recompletion program would have been largely successful.  These two

extremes could be considered as the bounding cases for actud field implementation.
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Rate of Return Histogram
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Summary of Tract 7 Smulation

Owing to the high well density and completion skewed towards the lower zones in tract 7, the most
appropriate program is plug/recompletion. Mogt likely, the procedure would result in successful
recovery of additiond oil. The bounding extremes, discussed above, have been defined by
performing smulations with different saturation profiles for the time instant when history matching is
Started.

Field Implementation

In the previous section, we discussed various detailed field implementation plans for tracts 7 and 9.
We decided to concentrate on tract 9 because of the limited number of wells producing in that tract.
Also, more economic uncertainty existed with respect to fidd implementation plan for tract 7.
Initidly, our plan was to re-complete the existing wells in the upper portion (DGI’s A, B, C and D)
of the reservoir and shut in the lower portions of the reservoir in the same wells.  Unfortunately,
these old wedlls were trested with nitroglycerine.  As a result, we were not confident about the
formation of caverns, which may have been left behind in these wells. After recalving severd bids
from various contractors, it became apparent that completing the lower portions of the existing wells
iS not an essy task. The amount of cement required cannot be known unless we start completing
these wells, and it was possible that the cost would exceed the cost of drilling anew well. With this

scenario in mind, we decided not to re-complete the old producing wells.

In addition to concern about the existing wells, we were aso concerned with the possibility of agas
cap intract 9. Earlier reports had indicated that there is a possibility of a gas cap in other parts of
the reservoir. Although TDT logsin tract 7 hed indicated an absence of a gas cap; we did not have
any direct proof of presence of ail in the upper zonesin tract 9. To test the presence or absence of
gas, we completed well 9-60. The well was sdectively completed in the upper intervals, and a
bridge plug was placed to separate the bottom zones from the top zone. After the well was re-
completed, there was no indication of the presence of gas — this is consstent with our model, and
the well showed a dight improvement in the oil cut — dso congstent with our modd. We were
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encouraged by this result which indicated that the oil saturation is higher in the upper zone, and there

is no free gas present in the top zones.

Armed with al the information in the previous sudies, as well as the information from well 9-60, we
designed a deviated production well to be sdlectively completed in the upper four zones (A, B, C
and D). Thelocaionisshownin Figure 121. This overdl implementation includes converting well
no 61 into an injector, reperforating wells M-3A and M-4A, and drilling a deviated production well
between 61 and M-3A/M-4A in an east-west direction. The total length is expected to be about
500-ft, and the well would be completed in zones A through D. Figure 122 shows the well plan
proposed for the deviated hole and Figure 123 shows the direction in which the wdl is to be
drilled. With this configuration, we can take advantage of the portion of the tract 9 that has not
been drained, and aso support the production through three injectors that are completed in the
same zone. In addition to testing the concept of a deviated hole, we aso decided to test the
concept of drilling avertica well usng ar drilling.

Well location map with Existing/Proposed wells
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199



ainuedaq |ejoL

0st e

T

{111

nsr

nog 055 [T

-h-l:
£83
=

saaiiag g8 aﬂuvmﬂa\‘ /oou,m

SEEbRzaREIREEES

True Vertical Dept

-

<1 ObEL
-1 ODEL

08ZL

PUES B

Figure 122 - Profile of a deviated hole

200




East, fit.

400 S0

Jjoan

=

=

i~y

=

=
o
H L=
&= &
- + = =
: = = = = = & [=] [=] = =) =
= =3 = = = = = = = = s =
Z L r -r L | (] — - ~ "~y -r wl m

=

=

-

f

=

=

i~

)

=

=]

]

1

=

=

-

1

=

=

Wi

l

- 1
TR EEXTY

Figure 123 - Direction of adeviated hole

The drilling of the verticd portion of the well was initiated at the end of November 1998. The
drilling encountered no problem, and we completed the vertical portion in the alocated time within
our budget. For drilling the deviated hole portion, we gave a contract to Integrated Directiona
Resources (IDR), a company specidizing in drilling directiond wells through use of surface rotary
equipment. Thedrill bit is steered from the surface rather than usng mud motors. Thisisardaivey
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new technology, and, if successful, can result in subgtantid savings in drilling horizonta holes in the

future.

The drilling of the deviated hole was initiated on December 1, 1998. The bottom hole tool
assembly included 6” PDC bit, CDA double joint, 2 Mond collars followed by 6 joints of drill pipe
(PH6). Theinitid attempt to drill the wel faled, because after drilling the well up to a depth of
1,363t, it was redized that the tool was not building any curve. Instead it was drilling a straight
hole. The possible cause for this was assumed to be the double joint, and the decision was made to
use a sngle knuckle tool. The wel was plugged back using cement on December 2. On
December 3¢ the drilling resumed with a dightly different assembly. Insteed of double joint, a
single knuckle tool was used. To control the direction, a gyro tool was used. From the surface,
after drilling of 1-ft, the gyro was run and seated, a tool face was marked a the surface, and then
gyro tool was pooled back and the rig resumed drilling. The drilling went smoothly with the angle
being built according to the expectations. On December 5", the gyro tool broke. The possible
cause was determined to be high torque and high dogleg severity. After changing the tool, the
drilling resumed a avery dow rate. After drilling a few more feet, the up hole Mond collar failed.
The sted drill pipe falled at the pin due to high stress exerted by the Mond collar. A fishing
operation was initiated and the fish was successfully brought to the surface with 3.5” basket grapple.

To avoid arepest, the decision was made to run with only one Mond collar.

After drilling another 24-ft on December 6", the Mondl collar failed at the connection on top of the
non-magnetic cross over. The pipe was pulled and numerous fishing attempts were made over the
next two days. The fish could not be caught. Because of significant cost over-runs, a decison was
made to abandon the well by plugging back insde the casing.

An atempt was made to renitiate the drilling in the first quarter of 1999. However, we were not
able to come up with a successful cost effective strategy to re-drill the hole. Hence, the plan to
complete the well was abandoned and the dte was restored. It was an unfortunate end to the
budget period two consdering the fact that a Significant effort was vested in developing a detailed
reservoir management plan. In addition, with our ability to predict the performance of the reservoir,

as evidenced in budget period one, gave us a lot of confidence in proposing a plan for budget
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period two. We 4ill believe that, with cost-effective technology to drill a deviated hole, we would
be able to recover additiond oil from the Glenn Pool field. However, this effort will have to be
carried out by private oil companies.
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TECHNOLOGY TRANSFER ACTIVITIES

During this project, severd technology transfer activities were conducted. These activities can be
broadly divided into two three categories — publications and presentations, technology transfer

workshops and newdetters. These three activities are discussed below.
Publications and Presentations

Ker, D.R.,, Matinez, G., Azof, |. and Kekar, M.: "Integrated Reservoir Description Using
Outcrop Studies. Example from Bartlesville Sandstone Northeast Oklahoma,”" presented at the
Ddtaic Reservoirs Workshop, Norman, Oklahoma (March 23-24, 1993).

Liner, C.L. and Lines, L.R.: "Simple Prestack Migration of Crosswel Sesmic Data," Expanded
Abstract, 63 Annud International Mesting of the Society of Exploration Geophysicists (1993)
pp 308-312.

Ahuja, B.: “Integration of Geologicd and Petrophysica Information Using Geodtatistica Methods —
“Sdf-Unit” Study,” Thess, The University of Tulsa, Tulsa, Oklahoma (1993).

Liner, CL. et al.: "Glenn Pool Project: Initid Tomographic Results" Expanded Abstract, 64"
Annud Internationa Mesting of the Society of Exploration Geophysicists (1994) pp 302.

Ahuja B.K., Bahar, A., Kerr, D.R. and Kekar, M.: "Integrated Reservoir Description and Flow
Performance Evaduation of Sdf-Unit, Glenn Pool Fidd," paper SPE 27748, presented at the
Improved Oil Recovery Symposium, Tulsa, Oklahoma (April 17-20, 1994).

Kelkar, M.: “Integration of Interdisciplinary Information for Reservoir Characterization,” presented
a the Symposum on Multidisciplinary Approaches to Reservoir Characterization, The
University of Tulsa, Tulsa, Oklahoma (May 9-12, 1994).

Bahar, A.: “Integrated Reservoir Description and FHow Performance Evaluation: Glenn Pool Field —
Sdf-Unit Study,” M.S. Thesis, The University of Tulsa, Tulsa, Oklahoma (1994).
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Liner, C.L. and Lines, L.R.: "Smple Prestack Migration of Crosswell Seismic Data,” Journd of
Seismic Exploration, 3, (1994) pp 101-112.

Bozkurt, G. and Liner, C.L.: "Straight Ray Tomography: Synthetic and Red Data Examples”
Expanded Abstract, 64" Annud Internationd Meseting of the Society of Exploration
Geophysicists (1994) pp 174-177.

Liner, C.L. et al.: "Glenn Pool Project: Crosswel Seismic Data Acquisition Overview," Expanded
Abstract, 64th Annua International Meeting of the Society of Exploration Geophysicists (1994)
298-302.

Liner, C.L.: "Crosswell Seismic Research a the Glenn Pool Fidd," presentation to Geophysica
Society of Tulsa, Tulsa, Oklahoma (April 1994).

Liner, CL.: "Crosswel Sasmic: Oveview and Glenn Pool Project,” presentation at the
TGSGST/AAPG/SPWLA Spring Symposium on Multidisciplinary Approaches to Reservoir
Characterization, Tulsa, Oklahoma (May 1994).

Bahar, A., Kdkar, M. and Thompson, L.G.: “Integrated Reservoir Description and Fow
Performance Evauation - Glenn Pool Study,” paper SPE 30622, presented at the Annua SPE
Mesting, Ddlas, Texas (October 22-25, 1995); also presented a the AAPG Mid-Continent
Section Meeting, Tulsa, Oklahoma (October 8-10, 1995).

Ye L. and Ker, D.R.: "Characterization of Fluvid-Dominated Ddtaic Resarvoirs in a Mature Oil
Fidd: Glenn Pool Fidd, Northeastern Oklahoma" Abdract, American Asociation of
Petroleum Geologists Annua Convention, Houston, Texas (1995)

Kelkar, M. and Richmond, D.: “Implementation of Reservoir Management Plan - Slf Unit, Glenn
Pool Fied,” paper SPE 35407 presented a the 1996 SPE/DOE Tenth Symposium on
Improved Oil Recovery, Tulsa, Oklahoma (April 21-24, 1996).

Liner, CL., Bozkurt, G. and Cox, V.D.: "Shooting Direction and Crosswel Seismic Data
Acquisition," Geophysics, 61, No. 5 (1996) 1489-1498.

205



Ye L. and Ker, D.R.: "Use of Microresdtivity Image Logs in Detailed Reservoir Architecture
Recongtruction of Glenn Sandstone, Glenn Pool Field, Northeastern, Oklahoma,” Transactions
of the 1995 AAPG Mid-Continent Section Meeting, Tulsa, Oklahoma (1996) pp 203-213.

Kekar, M. and Richmond, D.: “Reservoir Management Plan Implemented in Glenn Pool Fied,”
Petroleum Engineer International (July 1996) pp 45.

Ker, D.R, Ye L., Kekar, M. and Bahar, A.: "Resarvoir Characterization and Improved
Waterflood Performance in Glenn Pool Fidd: A DOE Class | Project,” presented at the
American Association of Petroleum Geologists Annua Convention, Ddlas, Texas (1997).

Ye L., Ker, D.R. and Yang, K.: "Facies Architecture of the Blugacket Sandstone in the Eufaula
Lake Area, Oklahoma Implications for the Reservoir Characterization of the Bartlesville
Sandstone, presented a the Fourth International Reservoir Characterization Technical

Conference, Houston, Texas (1997).

Paranji, S.: “Integrated Reservoir Description and Flow Simulation Case Study: Glenn Pool Fied,”
Thess, The University of Tulsa, Tulsa, Oklahoma (1997).

Bahar, A. and Kdkar, M.: “Integrated Lithofacies and Petrophysical Properties Simulation,” paper
SPE 38261, presented at the Western Regiona Meeting, Long Beach, Cdifornia (June 25-27,
1997).

Bahar, A. and Kekar, M.. “Journey from Wel Logs/Cores to Integrated Geologicd and
Petrophysica Properties Smulation: A Methodology and Application,” paper SPE 39565,
presented at the 1998 SPE India Oil and Gas Conference and Exhibition, New Ddhi, India
(February 10-12, 1998).

Ye L., Kear, D. R, and Yang, K.: “Facies Architecture of the Blugacket Sandstone in the
Eufaula Lake Area, Oklahoma: Implications for Reservoir Characterization of the
Subsurface Bartlesville Sandstone,” in Jordan, J. F. and Schatzinger, R., eds., Recent
Advances in Resarvoir Characterization (sdected contributions from the Fourth
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Internationd Reservoir Characterization Conference), American Associaion of

Petroleum Geologists Memoir Series, in press, scheduled for release for Spring, 1999.

Ker, D. R, Ye, L., Bahar, A. and Kekar, M.: “Glenn Pool Fied, Oklahoma: A Case of
Improved Production from a Mature Reservoir,” American Association of Petroleum

Geologigts Bulletin, v. 83 (January 1999) pp 1-18.

Ye, L. and Kerr, D.R.: “Sequence Stratigraphy of the Middle Pennsylvanian Bartlesville Sandstone,
Northeastern Oklahoma: A Case of an Underfilled Incised Valey,” American Associaion of
Petroleum Geologists Bulletin. Accepted, anticipated publication January, 2000.

Ker, D.R, Ye L., Aviantara, A. and Martinez. G.. “Application of Borehole Imaging for
Meandering Huvid Facies Architecture Examples from the Bartlesville Sandstone,
Oklahoma,” American Association of Petroleum Geologists Bulletin, in preparation.

Technology Transfer Workshops

As part of the technology transfer program, Mohan Kelkar and Dan Richmond participated in a
traveling workshop series organized by BDM-Oklahoma, Inc. The purpose of the workshop series
is to make smdl operators aware of the technologies used in the Class | projects. The workshop
included four Class | projects including this project. A total of six workshops were hdd at the
following locations. Bartlesville, Oklahoma; Wichita, Kansas, Denver, Colorado; Billings, Montang;
Oklahoma City, Oklahoma; and Grayville, lllinois. The average attendance for these workshops
was 30 or more people. The response was extremely favorable and alot of positive feedback was

recelved from the attendees.

As the most important part of the technology transfer program, one-day-workshops regarding this
DOE Glenn Pool project were offered in Tulsa, Denver, and Houston in October 1996. In addition,
a workshop was dso conducted in April 1997 in Fort Worth, Texas a the invitation of local SPE
chapter. Workshop preparation included preparing materials for the workbook, poster exhibit, and
dide presentation. This effort resulted in a notebook summary and more than 250 dides and photos
for the workshop. Participants were provided with workshop materials and computer software to
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generate the reservoir description. The response to the workshop was good. The average
attendance to the workshop was 27. The audience represented a wide cross section of smal and

large operators, service companies and consultants.
Newsdletters

As pat of the technology transfer activities, two newdetters were prepared and were mailed to
approximately 300 operators and independent producers. The newdetters contained progress
about the project, and provided operators practica information regarding the implementation of

reservoir management plan.
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